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Abstract
Monolithic optoelectronic integration has obvious advantages of lower power, higher
speed, and lower cost than hybrid and flip-chip bonding integration approaches. Most
attempts at monolithic optoelectronic integration suffer from the necessity to develop both
the electronic VLSI and the optoelectronic device processes simultaneously. Epitaxy on
Electronics (E-o-E) technology, in which optoelectronic devices are fabricated on com-
mercially pre-fabricated VLSI chips, eliminates the need to develop the electronic VLSI
process, and gives a short term solution to optoelectronic integration. Some integrated cir-
cuits with AlGaAs/GaAs LEDs, fabricated in this technology, have been demonstrated.
However, further work in optimization of the material quality, substrate preparation for
epitaxy, and device fabrication techniques is needed in order to obtain reliable and
employable OEICs. Furthermore, expanding the assortment of optoelectronic devices that
can be produced in this technology will increase the maturity of E-o-E integration, as well
as make it more attractive to a wider array of users. Both integration technology develop-
ment and specific device integration techniques were pursued in this work.
For this thesis, development of the E-o-E integration technology was continued, and the
feasibility of In-Plane Surface Emitting Laser (IPSEL) optoelectronic integrated circuits in
this technology was demonstrated. To make the IPSELs, dry etching must be used to form
the laser facets and reflectors. These lasers are fabricated from aluminum free heterostruc-
tures, using InGaP lattice matched to GaAs as the wide band gap, low refractive index
material, whose optimal growth temperature is much more compatible with the E-o-E pro-
cess than AlGaAs. However, most of III-V compound semiconductor dry etch technology
has been developed for either AlGaAs/GaAs or InGaAsP/InP heterostructures. In order to
etch the facets and reflectors for the IPSELs in the InGaP/GaAs material system, a novel
bromine ion beam assisted etch (IBAE) was developed. Etch characterization was per-
formed on InP and GaAs. Etch optimization was performed on heterostructures. Etched
facet lasers were fabricated and measured. In parallel other E-o-E technology steps were
optimized. These were demonstrated by fabricating LED OEICs.
Thesis Supervisor: Clifton G. Fonstad
Title: Professor, EECS

Acknowledgments
I am indebted to many people in my very long stay at MIT, but without the slightest
attempt to avoid a cliche, I would like to thank my parents, Zinaida, God bless her mem-
ory, and Boris, for everything that I am and have right now. Both of them dedicated most
of their lives to me, yet because of their great personal example, I managed not to turn out
too spoiled. They always provided all the support they could, without applying any pres-
sure. I only wish my mother was still here to share my joy in finishing my thesis.
This thesis would not have been possible without the support and advice of Prof. Clif-
ton Fonstad. I would also like to thank all the other people I collaborated with at MIT,
Joseph Ahadian, Steve Patterson, Gale Petrich, Hao Wang, Prof. Leslie Kolodziejski and
Aitor Postigo. Praveen Vaidyanathan and Prof. Sheila Prasad, of Northeastern University,
deserve equal gratitude. Working with Joe Ahadian, despite his occasional brusque man-
ner, was particularly productive and enjoyable.
This thesis would also not be possible without the help of our collaborators at MIT
Lincoln Laboratory. Prof. William Goodhue, of University of Massachusetts Lowell, was
invaluable to the success of etching done in this thesis. His students, Jennifer Rossler and
Samuel Choi helped me tremendously. Advice and steady tweezers helped me time and
again in processing. Daniel Mull's training and IBAE maintenance are also appreciated.
Finally, discussions with Joseph Donnelly and James Walpole taught me a great deal about
semiconductor lasers and helped me understand my devices.
I would also like to thank Krishna Shenoy, Eric Braun, Woo-Young Choi, Rajni
Aggarwal, Jurgen Smet, and Paul Martin for their example, training, and help in the past.
Special thanks to Janet Pan and Henry Choy for their support, discussions, and offers of
hot beverages during the writing of my thesis.
In addition to research, the MIT Tae Kwon Do Club was the other part of my life at
MIT. The members, my friends, helped me mature during my stay at MIT. I enjoyed teach-
ing and learning from them.
Finally, very special thanks goes to my wife and best friend, Lori Ainbinder. Her sup-
port and help is immeasurable, and even from the other side of the globe, she inspired me
to work harder and with more enjoyment.
Contents
1 Introduction ...........................
1.1 Motivation for OEICs ......................................
1.2 Types of Optoelectronic Circuits ............................
1.3 Monolithic Integration Approaches ...........................
1.4 Thesis Overview .........................................
2 Epitaxy-on-Electronics Technology ................................
2.1 Technology Description ...................................
2.2 Technology Challenges ....................................
2.3 Dielectric Growth Window Cleaning .........................
2.4 Post-Growth Planarization .................................
2.5 E-o-E OEIC Examples ....................................
3 Laser Facet Etching .............................................
3.1 Facet Etch Requirements ...................................
'I3 I Frr E thrr Trn i m n't Tl A P frnocc.C [bf1l
.y %lll Lt l l L IU l o o L6 qup ...........
Dry Etching Chemistries for GaAs, InGaP, and InGaAsP
Kaufman Source Ion Beam Assisted Etching System ...
GaAs and InP Etching Study ...................
Heterojunction Etching Study .....................
Etch Mask Development .........................
Facet Lasers ...................................
IPSEL Structures ..................... ..........
Etched Facet Laser Structure ...................
.............. 60
.............. 68
.............. 7 5
.............. 84
.............. 92
.............. 97
1............107
............ 107
............. 112
.13
.... 14
.... 19
.... 22
.... 25
.... 25
.... 32
.... 38
.... 45
.... 48
.... 57
.... 57
3.3
3.4
3.5
3.6
3.7
4 Etched
4.1
4.2
J.
4.3 Laser Fabrication .......................................
4.4 Etched Facet Laser Results..... ...........................
5 Conclusion ........................................
5.1 Thesis Contributions..... ........................ ............
5.2 E-o-E Technology Improvements............................
5.3 Improvements on IBAE Configuration and Operation Procedure .......
5.4 IPSEL Fabrication...... ................................
Appendix A Fabrication Procedures ...................................
A. 1 Dielectric Growth Window Cleaning ............................
A.2 Polycrystalline M aterial Removal...............................
A.3 Bulk Etched Facet Lasers.................. ...............
Appendix B IBAE Standard Operation and Maintenance Procedures
B. 1 Standard Operating Procedure .....................
B.2 System M aintenance ..............................
References .. .............................................
.. ...... 159
........ 159
........ 164
........ 171
117
123
137
137
139
141
144
149
149
151
152
List of Figures
Figure 2.1: Design and process flow of the Epitaxy-on-Electronics Technology. .... 26
Figure 2.2: Schematic illustration of the major stages of OEIC fabrication in the E-o-E
technology: the commercially fabricated chip after a) DGW cleaning, b) epi-
taxial MBE growth, c) polycrystalline material removal from the dielectric
stack, and d) optoelectronic device processing and interconnection with the
transistor circuits ........................................... 30
Figure 2.3: Interconnect Metal degradation after a five hour thermal exposure at various
temperatures [17]............................................35
Figure 2.4: Quantum well laser band structures: a) simple structure, b) linearly graded car-
rier confinement structure, c) parabolically graded carrier confinement struc-
ture ......................... . ......................... 37
Figure 2.5: Dielectric growth window (DGW) design progression. Shown are the DGWs
after the commercial VLSI fabrication, and before the pre-growth process-
ing. ................................................. 41
Figure 2.6: Schematic of the OEIC3 chip layout and of the stripe DGW geometry. .. 43
Figure 2.7: Photograph of the completed OPTOCHIP OEIC ................. . 51
Figure 2.8: Smart Pixel circuit: layout schematic and functional block circuit diagram. 53
Figure 2.9: Optical microscope and SEM images of a fully processed and interconnected
LED on OPTOCHIP. ........... ............................. 54
Figure 2.10: Output waveform of a 23 stage ring oscillator circuit a) before and b) after
the E-o-E integration process. The gate propagation delay of 67 ps remained
constant [70]. ............................................... 55
Figure 2.11: A functioning OEIC with an emitting LED ....................... 56
Figure 3.1: Non-optimal chlorine ECR IBAE etch of InGaP/GaAs heterostructure (MIT
R417 - 500 V, 40 mA/cm2, 175oC, 3 sccm C12) . ................... 71
Figure 3.2: Optimal chlorine ECR IBAE etch of InGaP (500 V, 40 mA/cm2, 175oC, 9
sccm C12) .................................................. 72
Figure 3.3: InGaP/GaAs heterostructure etched in a chlorine IBAE system at 175oC. 74
Figure 3.4: Vapor pressures at various temperatures for chlorides, bromides, and iodides
Figure 3.5:
Figure 3.6:
Figure 3.7:
Figure 3.8:
Figure 3.9:
Figure 3.10:
Figure 3.11:
Figure 3.12:
Figure 3.13:
Figure
Figure
Figure
3.14:
3.15:
3.16:
Figure 3.17:
Figure 4.1:
Figure 4.2:
of arsenic, indium, gallium, and phosphorous [47, 48, 49] ............ 76
Kaufman gun ion-beam assisted etching (IBAE) system schematic. ..... 77
Etch rate dependence on temperature in the Br2 IBAE system with 500 V, 40
mA/cm2 ion beam and 5.5 mTorr Br2 pressure for a) GaAs with ion beam, b)
InP with ion beam, c) GaAs without beam, and d) InP without beam. .. . 86
Etch rate dependence on ion beam current density in the Br2 IBAE system with
800 V ion beam and 5.5 mTorr Br2 pressure for a) GaAs at 150oC, b) GaAs
at 80oC, c) InP at 150oC, and d) GaAs at 80oC .................... 87
Etch rate dependence on bromine pressure in the Br2 IBAE system with 800
V, 60 mA/cm2 ion beam and 150oC substrate temperature for a) GaAs and b)
InP ..................... . ............................... 89
Sidewall profiles of GaAs etched in the Br2 IBAE system with 500 V, 40 mA/
cm2 ion beam and 5.5 mTorr Br2 pressure at different temperatures ..... 90
Sidewall profiles of InP etched in the Br2 IBAE system with 500 V, 40 mA/
cm2 ion beam and 5.5 mTorr Br2 pressure at different temperatures ..... 91
Sidewall profiles of InGaP on GaAs substrate etched in Br2 IBAE system at
a) 80oC, b) 90oC, and c) 100oC. ................................ 94
Optimized InGaP/GaAs multilayer heterostructure etch for a) an LED sample
with GaAs core, and b) a laser sample with InGaAsP core. .......... 95
Profile of LL OM661 material etched in the Br2 IBAE system on a 450 tilted
stage at 1 10oC, 600 V, 60 mA/cm2, and 6.0 mTorr of Br2, with a photoresist
mask. ..................................................... 96
Effect of different mask profiles on the profile of the etched substrate. .. 99
Metal (Ti, 400 nm) profile after lift-off patterning. ................ 102
Profile of a 400 nm thick silicon oxide film patterned in CHF3/02(5%) RIE
with a photoresist mask ..................................... 103
Vertical profile silicon oxide mask (dark layer) on top of an etched semicon-
ductor ridge. ............................................... 104
Schematic illustration of various IPSEL structures. ................. 108
Schematic of the side-by-side etched and cleaved facet laser performance com-
parison experiment. ......................................... 114
Figure 4.3:
Figure 4.4:
Figure 4.5:
Figure 4.6:
Figure
Figure
4.7:
4.8:
Figure 4.9:
Figure
Figure
4.10:
4.11:
Figure 4.12:
Figure 4.13:
Figure 5.1:
Figure 5.2:
Simulated optical field contour profile for a 5 mm ridge laser for the hetero-
structure grown for this project ............................... 116
Chlorobenzene soaked photoresist profiles: a) no chlorobenzene treatment, b)
properly exposed and developed, c) improperly exposed, d) exposure time ef-
fects with good mask contact, e) exposure time effects with poor mask con-
tact................................................. 119
Photograph (top view) of completed etched facet laser structure. ...... 122
Threshold current density plot for cleaved and etched facet lasers fabricated
from the Lincoln Laboratory OMCVD material. ................... 125
SEM micrographs of the etched facets in the OM661-2-2 laser sample. . 126
Light-Current plots of a) 1340 mm long cleaved facet lasers and b) 1200 mm
long etched facets lasers made from LL OM661-3-2 sample. ......... 127
Threshold current density plot for cleaved and etched facet lasers fabricated
from the MIT GSMBE material. .............................. 129
SEM micrographs of the etched facets in the R170 laser sample. ..... 130
Light-Current plots of a) 1340 mm long cleaved facet lasers and b) 1200 mm
long etched facets lasers made from MIT R170 sample ............. 131
External differential quantum efficiencies of etched and cleaved facet laser
fabricated from LL OMCVD material .......................... 134
External differential quantum efficiencies of etched and cleaved facet laser
fabricated from MIT GSMBE material .......................... 135
Top and side view of a proposed single-mode parabolic-deflector IPSEL. 145
An optoelectronic logic gate cell, including PSEL, driver, photodetectors, am-
plifiers, and DCFL logic [89]. ................................. 146

Chapter 1
Introduction
1.1 Motivation for OEICs
The persistent increase in speed of integrated circuits has created a demand for optical sig-
nal distribution and processing [1]. Optical signals have the potential to be wider in band-
width, higher in speed, lower in power, and lacking in crosstalk under proper conditions.
The first demand for optical signal distribution was in long haul communications, where
the optical fiber advantages are truly apparent. In fact, they made fiber-optic links so cost
effective, that the cost of the equipment at the transmitter and repeater stations was not a
limitation. As the speed and storage capacity of computers increased, and computational
tasks became more distributed, more information had to be transferred to more places at
higher rates. As a consequence, shorter fiber optic links connecting more nodes have
become desirable. Furthermore, the fiber is getting closer to the end user, and soon we can
expect to see optical fiber plugged in directly into the personal computer. At this time,
more switches, repeaters, amplifiers will be needed, and at a greatly reduced cost and
increased functionality [52]. Monolithically integrated optoelectronic integrated circuits
(OEICs) on GaAs or InP substrates would be the most likely choice for this purpose [1, 2,
3].
In addition to the above telecommunication applications, integrated OEICs also have a
future for chip to chip and board to board interconnection in computers and other compu-
tational systems [4,5,6]. As the processor speeds increase, the power required to transfer
the high frequency signals from and to these chips will surpass the power required for the
electrical to optical signal conversion[6]. Once the signals are converted to light, other
problems of signal skew, distributed signal effects, and crosstalk will be eliminated.
Finally, elimination of crosstalk will also benefit circuits required for mobile communica-
tions, where the cost reduction of monolithic integration will be important.
1.2 Types of Optoelectronic Circuits
Optoelectronic circuits can be divided into many categories [52], according to the type of
devices connected together, the way they are connected together, and the function they
provide. Each of these categorization methods can produce a spectrum of categories. This
is due in part to the number of applications in which optoelectronic circuits can be used, in
part due to the variety of optoelectronic and electronic devices, and mostly due to the
immaturity of the technology. Since few low cost high performance circuits are commer-
cially available, no standards or preferred technologies or architectures exist.
Numerous optoelectronic devices are candidates for optoelectronic circuits [53]. First
on the list are detectors [ 11]. These could be photoconductors, p-n junction diodes, Schot-
tky diodes, avalanche diodes, and quantum well intersubband detectors. Materials for
these could vary as well. Silicon, germanium, III-V semiconductors, and narrow bandgap
semiconductors are all used for photodetectors. Some of these can be operated in both
waveguide propagation and surface incidence structures. Diode lasers [7, 8] are on the
same priority level as detectors, and these can be in different material systems, emitting
from blue to far infrared. The structures can also vary. Buried heterostructure or ridge
waveguide, Fabry-Perot or DFB, in-plane emitting or surface emitting - these are just
some of the options the designer has. Modulators [9, 10] are also high on this list. Lithium
niobate and compound semiconductors have been the choice, but silicon and glass have
also been used. Most of these are optical phase modulators, but compound semiconductor
quantum well Stark-effect absorption modulators have demonstrated good performance.
Of course, modulators can act in the waveguide or surface normal mode as well. Other
devices, like LEDs and liquid crystal cells can also be used in optoelectronic circuits.
Functionality of optoelectronic circuits can vary greatly. They can be applied to optical
signal processing, board-to-board to on-chip optical interconnects for electronic systems,
massively parallel electronic computing, all-optical computing, displays, imaging arrays,
and sensors. A very common optoelectronic circuit is an optical receiver [54], where pho-
todetectors are interconnected with electronic amplifier circuits. Some further signal con-
ditioning and processing could also be part of the electronics. Transmitters are also very
common, where light sources, such as lasers and LEDs, are connected to electronic drivers
[55]. Here, as well, signal processing electronics could be made side by side with the driv-
ers. When all three, detectors, light sources, and electronics are assembled together,
another common type of optoelectronics circuit, a transceiver, is achieved. Since using
external modulation is often desirable, intensity modulators are also commonly made into
an optoelectronic circuit when put together with their drivers [56]. Furthermore, optoelec-
tronic switches [52], neural network circuits [57], and Self Electrooptic Effect Device
(SEED) [58] computational circuits are all examples of optoelectronic circuits. The direc-
tion of light incidence in relation to the substrate also determines functionality of the cir-
cuit. Edge incidence and emitting devices allow only one dimensional arrays of
optoelectronic devices. Access issues also restrict these devices to be in the periphery of
the circuit. Surface incidence and emitting architectures, on the other hand, allow for two
dimensional optoelectronic arrays, where the devices are free to be intermixed.
The ways of connecting the electronic and the optoelectronic devices involves another
spectrum of approaches [1, 52]. This spectrum ranges from isolated components con-
nected together on a printed circuit board to having all of the devices being part of the
same crystal. When all of the devices are part of the same crystal, this approach is called
monolithic integration. "Monolithic integration" does not always refer to all the devices
being part of the same perfect crystal. There could be a layer of high defect material or a
noncrystalline interface between one type of substrate and the other. In one such approach,
lattice mismatched material is epitaxially grown on another substrate [59, 60]. Special
care is taken that all of the dislocations are formed and terminated in the lower part of the
epitaxial layer, called the relaxed buffer, so that the top part that has the device layers has
few defects. Relaxed buffer growth is used to grow GaAs on silicon, to take advantage of
the mature Si electronic VSLI processing technology, InGaAsP on GaAs, to integrate
longer wavelength devices with GaAs electronics, and InGaAs on Si, for longer wave-
length devices integrated with Si LSI. Wafer bonding is another such approach where most
of the dislocations are right at the interface [61]. In this technology, often the epitaxial lay-
ers form the interface, and then one of the substrates is etched away. Another such "mono-
lithic integration" technique is epitaxial lift-off [1, 62]. In this approach, the bottom layer
of an epitaxial heterostructure is etched away, separating small areas of device epitaxial
layers from the substrate. These small thin pieces of crystal are then transplanted to prese-
lected areas of another substrate. Usually devices on this substrate are already processed,
and only the transplanted areas require further processing.
The word "integration" is used for a variety of other approaches, but perhaps most
common labels in these cases are "hybrid integration" or "heterogeneous integration". In
these approaches, the crystals of the two substrates are not really in contact. All of these
integration methods have the advantage of having all of the different devices fully grown
and processed, before they are interconnected. Thus all the necessary epitaxial growth and
microfabrication can be done under optimal condition. A further advantage is that as many
different substrates and devices can be put together as desired. The most common hybrid
integration approach is epoxying all the different devices together in a ceramic or plastic
package, and connecting them together with bond wires. For example, to make a receiver,
an IC chip with an array of drivers is mounted side-by-side with an array of photodetec-
tors, and then the two chips are wire bonded together, and a fiber ribbon is aligned with the
detectors. This approach suffers from the parasitic capacitance, inductance, and resistance
of the bond wires. Moreover, large two dimensional optoelectronic arrays cannot be built
this way. More intricate hybrid integration approaches which greatly reduce the parasitic
impedances are flip-chip bonding and multichip modules.
The phrase "multichip module (MCM)" [63] usually refers to a hybrid assembly
where chips from different substrate are mounted on a common substrate, all face up. Usu-
ally, the common substrate has etched regions in which the chips are inserted, so that they
are planarized with the surface of the common substrate. Then, interconnections between
chips are defined photolithographically using standard processing techniques. The com-
mon substrate is often silicon or glass, though sometimes more heat conductive substrates
are required. Sometimes optical interconnection in the form of waveguides is also per-
formed in addition to electrical interconnections.
In the flip-chip bonding [64] scheme, one processed substrate, usually consisting of
electronic ICs, is left intact, with specifically patterned contacts pads included. The sub-
strate of the optoelectronic devices is then diced or cleaved into individual devices or
arrays, each also having specific contact pads. Then, these chips are mounted face down
onto the larger substrate, so that the contact pads on one are touching the contact pads on
the other. For mechanical stability and electrical connectivity, microscopic drops of melted
indium are used to solder the contacts together. Due to the requirement of mechanical
alignment of the contact pads and the solder balls, the contacts pads have to be relatively
large, and therefore they introduce extra parasitic capacitance in the circuits. Circuit den-
sity is also decreased due to these large contacts.
Though this is somewhat ambiguous, systems, which have an optoelectronic device
integrated with other devices, are categorized into Photonic Integrated Circuit (PIC) and
Opto-Electronic Integrated Circuit (OEIC) categories [52]. Photonic Integrated circuits
refer to systems where at least two optoelectronic devices are integrated together. This
integration is accomplished by waveguiding of light, and therefore occurs in the plane of
the substrate. Common examples of PICs are lasers integrated with a modulator, optical
splitters, optical switches, and many combinations of different waveguiding active and
passive devices. Even if electronics are also integrated, such systems are still often called
PICs. Often, if an active device is integrated with another active device, the heterostructure
required for these devices is different. Thus, regrowth is often a common technique used
for PICs. Sometimes waveguide coupling from a waveguide formed by the top hetero-
structure layers to the one formed by the bottom one is used to bring light from one device
to another. In other structures, where an active device has to be connected to a passive
waveguide, the same epitaxial layers are used for both, but selective implantation disor-
ders the quantum well structure in the passive device area, so that the material is transpar-
ent to the active device operating wavelength. Most of the PICs are monolithic, though, in
theory, multichip modules can also be used with some success.
The label Optoelectronic Integrated Circuit is usually assigned to the cases where
optoelectronic devices are integrated with electronic devices. Photoreceivers and transmit-
ters described above are examples of such circuits. Two or more different optoelectronic
devices integrated together, and with electronics, are still called OEICs if the only connec-
tion between the optoelectronic devices is electronic, and not optical. Both hybrid and
monolithic integration schemes can be used for OEICs. Two dimensional arrays of surface
emitting and incident devices would also be considered OEICs. The system for which the
work in this thesis was done is also an OEIC. A monolithic integration approach is used
for this purpose, so a brief review of monolithic integration efforts will be given in the next
section.
1.3 Monolithic Integration Approaches
There have been numerous attempts at monolithic optoelectronic integration on GaAs and
InP substrates. Laser diodes [7, 8], modulators [9, 10] or detectors [11] have been inte-
grated with various types of transistors. Again, a spectrum of monolithic integration
approaches can be found in the literature. Everyone of them suffers from some drawbacks,
depending on the choices that are made. Almost all of the optoelectronic devices require
epitaxial growth, though there are some electronic devices that do not require epitaxy.
Therefore the first choice to make is how to arrange electronic layers with the optoelec-
tronic layers. Electronic layers can be grown on top of the optoelectronic layers [65],
which can be accessed by etching away the transistor layers in certain areas. An exactly
opposite approach of growing optoelectronic layers on top of the electronics is also possi-
ble. An advantage could be gained if the same layers could be used for both types of
devices [55], though neither structure would be optimal. Finally, two different heteroepi-
taxial layers can be placed side by side by first etching down one layer in selected loca-
tions, and then regrowing the second layer in these etched areas [66]. Of course, all four of
these options apply if homoepitaxial, rather than heteroepitaxial electronic devices are
used.
Each one of these options has advantages and disadvantages. Planarity of the surface
during critical photolithography steps plays a big part in their success. If the surface is not
planar, then both the nonuniform photoresist thickness and an increased requirement on
the depth of focus of the aligners, make it difficult to define small features. For the current
state of the art devices, electronic devices have smaller features than many of the optoelec-
tronic ones. Therefore having electronic devices on top has an advantage over having them
below the optical devices. Furthermore, the epitaxial layer thicknesses of the optical
devices is usually on the order of 3-4 gm, whereas the electronic devices are less than 1
gm thick. Thus, having the electronics on top, and then etching these layers selectively to
expose the optoelectronic layers produces a much more planar surface than when the top
optoelectronic layers have to be etched down to the electronic layers. The decreased pla-
narity of the electronics on the bottom approach makes it more difficult to define upper
level metallization as well. However, the disadvantage of having the electronic layers on
top is that the junctions and the conductive layers of the optoelectronics will cause back-
gating and crosstalk effects in an electronics circuits. Solution to this problem could be
achieved either by deep isolation mesa etching or by providing contact to a common
highly conductive layer just below the electronics and tying it to a known potential. Both
of these solutions require extra space and decrease circuit density.
Using the same layers for both electronics and optoelectronic devices has its disadvan-
tages as well. The biggest one is that each type of device will have a far from optimal
structure. In circuits where state of the art is often not good enough, this restriction will
limit the practicality of this approach. Perhaps the side by side approach is the best in
terms of planarity. However, though recent improvements have been shown, good quality
epitaxial regrowth on etched surfaces is still a challenge. Furthermore, most of the time the
material on the periphery of the regrown material is not of good quality, which decreases
the circuit density.
Another choice that needs to be made in an integration technology is the exact order of
the process steps. This order can alleviate or worsen the problems of each integration
approach mentioned above. For example, some process steps can planarize the surface to
some degree. Properly performed dielectric isolation film deposition is one example of a
step that reduces step heights. Many other process steps, however, produce more surface
structures. Therefore, processing the most critical layers first, such as the electronics, can
be a definite advantage. The homoepitaxial electronic devices are defined by dopant
implantation, which usually requires subsequent high temperature annealing. This anneal-
ing will significantly degrade heteroepitaxial interfaces. Thus, for the side-by-side integra-
tion approach, implantation and annealing should be done before the regrowth.
Even when electronics are fabricated on a planar surface, very large scale integration
(VLSI) is difficult to achieve in a research lab, which is part of the reason why no opto-
electronic VLSI have been demonstrated. This is not due to a fundamental limitation, but
rather to the cost and complexity of developing a VLSI process. A state of the art elec-
tronic VLSI process requires extensive development and dedicated production lines and
staff. Process uniformity and defect density minimization are the key issues for VLSI.
This can only be achieved in a dedicated commercial foundry.
To eliminate some of the disadvantages of the integration approaches described above
and to use the commercial VLSI foundry capability to fabricate the electronics, an alter-
nate integration approach called Epitaxy-on-Electronics (E-o-E) was proposed [12]. In
this approach, the electronics are fabricated in a commercial GaAs VLSI foundry. The fin-
ished VLSI circuits are then further processed to clear selected areas, the dielectric growth
windows (DGWs), down to the substrate. Once the substrate is opened, the next step is
epitaxial growth. Finally, the optoelectronic devices are fabricated and interconnected
with the electronic circuits [13, 14, 15]. This approach has the advantage of fabricating the
electronic circuits first, doing all the implantation annealing before the optoelectronic
layer growth, growing only once, having no extra crosstalk and backgating problems,
using predefined and preconnected bottom contacts for the optoelectronics, and planariz-
ing the surface by growing the epitaxial layers the same thickness as the interconnection
stack.
1.4 Thesis Overview
In the previous sections, motivation for optoelectronic circuits was given. Advantages of
monolithic integration, especially for high density OEICs, were also described. There is
no mature technology available yet that can produce high density OEICs. One of the more
likely candidates for this task is believed to be the Epitaxy-on-Electronics integration tech-
nology. Work on this topic was already started, and the general purpose of the work
described in this thesis is to develop this technology further and to acquire all the neces-
sary expertise to make it useful for a real OEIC system.
The improvements on the E-o-E technology that have been made are the more robust
and mass-production compatible methods of pre-growth substrate preparation and post-
growth planarization. All of the other work done for this thesis involves developing the
design and processing capabilities to make two dimensional OEIC systems with emitters,
detectors, all the drivers and amplifiers, and digital VLSI circuits monolithically integrated
on one substrate. Although some work was done with LEDs as emitters, this thesis is
mostly concerned with the effort to develop a technology with In-Plane Surface Emitting
Lasers (IPSELs) as the emitters. The major obstacle to developing IPSEL fabrication com-
patible with E-o-E technology is its material system requirement. Due to lower growth
temperature, the InGaP/GaAs material system is used for the emitters, instead of the usual
AlGaAs/GaAs material system. For IPSELs, dry etching with straight sidewall profiles is
extremely important. No dry etches that satisfy this condition for InGaP/GaAs material
system have been developed previously. Neither have there been any reports of IPSELs in
this material system. Thus the major thrust of this thesis work was to develop a suitable
dry etch. For this purpose a bromine Ion Beam Assisted Etching (IBAE) system was
assembled and employed. Since no bromine IBAE work has been reported, a study of the
etching characteristics of this system on GaAs and InP was conducted. Etching studies of
InGaP and InGaP/GaAs heterostructures were also carried out. The proper etch mask
material and patterning procedures were also dealt with in detail. To test the quality of the
etch, InGaP/GaAs etched facet lasers were fabricated and measured. Most of the proce-
dures and results of this work, as well as some background material will be described in
the remainder of this thesis.
In Chapter 2, the basic concepts of E-o-E technology will be described. The challenges
for this technology will be outlined to put this thesis in perspective. Issues such as circuit
degradation and material choice will be briefly discussed. Detailed descriptions of the
improvements made to pre-growth substrate preparation and post-growth planarization
will be also described in Chapter 2. Chapter 3 will start with an introduction to different
dry etching equipment and chemistries to provide the background for the choice of the
bromine IBAE system. In the same chapter, IBAE principles of operation and system
description will be given. Then, results of the GaAs, InP, and heterostructure etch studies
will be given. Finally, the efforts of obtaining the best etch mask will be explained. In the
next chapter, Chapter 4, etched facet laser results are given and interpreted. Finally, in
Chapter 5, after some conclusions, suggestions for improvements in all aspects of this
project will be given, since the efforts on this project will be continued by others. Also for
the sake of the people continuing this project, Appendix A contains details of fabrication
procedures, and Appendix B thoroughly describes IBAE operation and maintenance pro-
cedures.

Chapter 2
Epitaxy-on-Electronics Technology
2.1 Technology Description
As mentioned in the Introduction, Epitaxy-on-Electronics technology is a very promising
way to produce optoelectronic VLSI in the near future. The primary reason for this is that
the electronics are fabricated in a dedicated commercial foundry. Therefore all the elec-
tronic steps are thoroughly developed and tested, and the process reproducibility and uni-
formity is constantly checked and maintained. Furthermore, all of the devices and
interconnections in this process are well characterized, and accurate simulation models are
available, including parameter statistical variation data. This allows for much more
straight forward and reliable design methodology. Additional design simplification is cre-
ated by the necessary CAD tools development by the company that fabricates the electron-
ics. For example, for the layout tool that was chosen for this thesis, the company provided
the proper technology file, all the layout rules, as well as the files that are necessary for
schematic extraction (generation, out of a layout schematic, of a model circuit consisting
of correctly sized and typed transistors, resistors, diodes, capacitors, and wires). The VLSI
circuits were obtained through the MOSIS service, which had them fabricated by the Vit-
esse Semiconductor Corporation. These VLSI circuits were fabricated on a GaAs sub-
strate, which is another advantage, since good quality lattice matched optoelectronic
device layers can be grown on this substrate. The circuits are based on metal-semiconduc-
tor field-effect transistors (MESFETs). Both depletion mode (DFET) and enhancement
mode (EFET) MESFETs were available [68]. In the HGaAsIII technology used for this
project, the minimum effective gate length is 0.6 Lm. All parts of the transistor were
defined by selective implantation. Only refractory metals were used for Schottky (WN)
and ohmic (NiGe) contacts. Four levels of WN encapsulated A1Cu x upper level intercon-
nection is also used in this technology [17, 67, 68].
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The Vitesse HGaAsIII technology is primarily designed for digital applications.
Because of the full four level interconnection capability, complex VLSI circuits are possi-
ble. These digital circuits are also fast, with a 70 ps gate delay when used in direct coupled
FET logic (DCFL) mode [68]. However, analog circuits, needed for driving optoelectronic
devices, can also be designed using this technology. Usually a 2 V power supply is used,
though power supplies as high as 4 V can be used reliably. In addition to MESFETs, two
types of detectors can also be fabricated in this technology. One is an optical field-effect
transistor (OPFET), which is an EFET with a floating gate. The other one is a metal semi-
conductor metal (MSM) photodetector, made up of interdigitated Schottky gate metal. An
OPFET is slow, but has a large intrinsic gain and in combination with a properly sized
active DFET load, it is sufficient to convert an optical digital signal into a DCFL signal.
An MSM detector is much faster, but requires a transimpedance amplifier at the output.
Both of these devices are used for surface normal incidence operation. Both of them use
GaAs as the photogeneration layer, and are sensitive to radiation of about 850 nm wave-
length.
The flow of the design and process steps is shown in Figure 2.1 [13, 15]. The first step
is the design of the system. Requirements, such as wavelength, speed, optical power,
power dissipation, and power supply voltage, are taken into account. Next, the optoelec-
tronic devices are designed to meet these requirements. Usually these devices are first fab-
ricated on bulk substrates to ensure proper operation. The electronic circuits are designed
next. Logic corresponding to the high level system description is first derived, and then the
actual transistor circuits are designed. Analog circuits are also designed to drive optoelec-
tronic devices or amplify optical signals; this is done with optoelectronic performance
characteristics in mind. All these circuits are tested using device models provided by the
foundry. Finally, these circuits are laid out, providing proper structures needed for the
optoelectronics. Bottom side contacts, openings in the dielectric stack, and metal lines and
pads to which the top side contacts will be connected, are the main examples of such struc-
tures. After schematic circuit extraction, the circuit verification and resimulation can be
performed. Finally, at this stage, the design can be sent to the foundry for fabrication. At
this stage, the layout layers for the optoelectronic device fabrication and pre- and post-
growth processing are also generated. These are not sent to the company, but are used to
create photolithographic masks for use when the chips are received.
Multiple copies of the chips are sent back from the VLSI foundry. Usually, electronic
testing is performed as the first step. Then the preselected areas in the dielectric stack are
opened up to the substrate, creating dielectric growth windows (DGWs). At this point the
chip looks like the schematic depiction in Figure 2.2a. Where the dielectric stack is
opened to the substrate, there is a highly conductive n-type implant, which is used as the
bottom side contact of the optoelectronic devices. This implant extends slightly outside
the DGWs, and an ohmic contact is made to it there, which is further connected through
top-level interconnection metal to the electronics. The electronics, including the detectors,
are still protected by the dielectric stack. Some of the circuit nodes also have connection to
the bond pads on surface of the stack. These pads are used either for probing or bonding to
a package, or for the interconnection to the top side contact of the optoelectronic devices.
After the DGWs are opened and the substrate is fully prepared, the optoelectronic
device heterostructure layers are grown. Inside the DGWs, crystalline material which is a
continuation of the substrate is grown. Usually, it is grown the same thickness as the thick-
ness of the dielectric stack. Outside of the DGWs, on top of the dielectric stack, polycrys-
talline material is deposited. This stage of the process is illustrated in Figure 2.2b. Next,
the polycrystalline material is etched away to planarize the chip surface, as shown in Fig-
ure 2.2c. Finally, the optoelectronic layers are processed into devices. These devices, are
interconnected with another layer of metal to the surface pads of the electronic circuits
(Figure 2.2d). This finished OE-VLSI circuit chip can then be packaged and measured.
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Figure 2.2: Schematic illustration of the major stages of OEIC fabrication in the E-o-E
technology: the commercially fabricated chip after a) DGW cleaning, b) epitaxial MBE
growth, c) polycrystalline material removal from the dielectric stack, and d) optoelectronic
device processing and interconnection with the transistor circuits.
Care is taken during the design to provide test structures for each step in the process.
Thus a properly designed E-o-E OEIC will have test circuits for electronics performance
comparison before and after growth and processing. Structures that allow to test etch
depths, contact quality, and interconnection metal quality, among other processes should
be included in the optoelectronic device lithography masks. Of course, the locations for
these test structures is included as extra DGWs on the electronic circuit layout. Provisions
are also made for alignment marks to be defined on the chips at the foundry, and during
each step of the fabrication.
As mentioned before, this technology is currently designed so that the more densely
integrated part of the OEIC, the electronics are fabricated in a dedicated state of the art
commercial facility, and the optoelectronic components are fabricated in a general purpose
university laboratory. Fabrication requirements for the optoelectronic devices can often
approach the ones for VLSI circuits. Therefore, for this technology to become mature,
efforts have to made to bring each process step into the dedicated production line where
state of the art equipment is used, and each process step is optimized and controlled for
consistency. However, a dedicated commercial foundry is extremely expensive, and mar-
ket demand justification has to exist for its implementation. Therefore, the laboratory
approach is useful as a development and a demonstration tool. Demonstration of a work-
ing system is required to attract industrial interest.
An additional incentive for the commercial development of this technology would be
its applicability to a broad range of optoelectronic systems, demonstrated by integrating
various devices with the GaAs VLSI. Thus, once the steps specific to the E-o-E integration
are far into their development, the types of optoelectronic devices that can be put on the
chips can be considered for different applications. As already mentioned, as part of the
VLSI process two types of optical detectors, OPFETs and MSM photodetectors are
already available. Both types of detectors are GaAs and are sensitive around 850 nm. The
devices that need to be grown can be broken down into surface emitting/incident and in-
plane devices. The most basic surface emitting device that can be grown on the chip is an
LED. A much more elaborate extension of an LED process would be Vertical Cavity Sur-
face Emitting Lasers (VCSELs). A reflection modulator, which can be used for SEED
devices as well, is another option. Detectors which are sensitive at other wavelengths,
especially 1.3gm and 1.55gm, would also be very useful for telecommunication purposes.
These would have to be grown on lattice mismatched, relaxed buffers. Among the in-plane
devices, laser diodes would be the first to come to mind. Waveguides, and waveguide
modulators and detectors also have a potential usefulness for complex switching nodes.
In-Plane Surface Emitting Lasers (IPSELs) are a cross between the in-plane and surface
emitting devices, and have certain advantages over VCSELS, making them good choices
for many applications [16].
2.2 Technology Challenges
Despite the many advantages, the Epitaxy-on-Electronics process has numerous chal-
lenges that need to be overcome. Some of them are intrinsic to the technology itself, and
some stem from the limited access to the VLSI manufacturing process. The biggest chal-
lenge is preserving the performance of the electronics on the chips during the growth. In
order not to degrade the electronics, the growth and the pre-growth native oxide removal
temperatures needed to be decreased as low as possible without sacrificing material qual-
ity. The optoelectronic device processing steps also have to be designed to not degrade the
electronics. Circuit protection from chemical exposure has to be considered. Also high
temperature processes, such as implantation anneals, CVD, and mass transport have to be
avoided. Other fabrication challenges also need to be solved. For example, for the final
optoelectronic interconnection, a detrimental reaction between gold contacts, used for
optoelectronic devices, and aluminum, used to the upper level interconnection, has to be
solved. Another problem that needs to be solved is the planarization of the epitaxial mate-
rial with the surface of the chip. Preparing the chips for growth is also a very important
challenge. The substrate that is opened for growth has to be totally cleaned of the dielec-
tric deposited in the foundry, and yet be undamaged, and free of other residues. The dry
etching process used to remove dielectric at the foundry damages the crystal and leaves a
fluoro-carbon residue on its surface, so a separate process had to be developed.
While developing the processing techniques necessary for E-o-E integration, the diffi-
culties are compounded by the fact that the substrate opening and post-growth processing
has to be done outside the VLSI facility, on small chips, rather than on full wafers, and
with limited numbers of these chips. When these chips are received, they are cut into as
small as 5x5 mm chips. The limited quantities are as low as twenty samples per run. Fur-
thermore, we have no control over the processing steps, and receive limited information
about the process and any changes in it. We receive these chips at most twice a year, dur-
ing which time the foundry process changes just enough to cause problems. Finally, the
processing facility we work in is primitive, in comparison to the foundry, thus making it
almost impossible to achieve the optimal density and yield for the optoelectronic devices.
All these factors have to be considered when designing all the process steps for any of the
E-o-E projects in which we are involved.
Perhaps, the biggest issue for the Epitaxy-on-Electronics technology is the degradation
of the integrated circuits due to high temperature exposure during epitaxial growth. This
degradation occurs because of the upper level metal deterioration. The problem is com-
pounded, by the fact that more than 6gm of material have to be grown to planarize epitax-
ial films with the top of the metal/dielectric stack. This corresponds to 7 hours of high
temperature exposure. For such a long duration, degradation seems to have a critical tem-
perature range between 475-5000 C, with exposures above those temperatures rendering
the circuits dysfunctional [17, 18]. This degradation is demonstrated in Figure 2.3, where
the measured data of the interconnection metal sheet resistance after a five hour thermal
exposure is plotted against the temperature during the exposure. In this plot, it is evident
that 4750 C is about the highest temperature where degradation does not occur. Thus, the
optical devices have to be grown at the temperatures close to or below the 4750C, limiting
the material choice to ones that can be optimally grown at that temperature. Another con-
straint for the material system is that it has to be lattice-matched to the GaAs substrate. For
double heterostructure waveguides on a GaAs substrate, thick layers of lattice matched
wide bandgap material for the upper and lower claddings are needed. With the material
growth capability at MIT, this allows three options for this cladding material: AlGaAs,
InGaP, and InGaAsP.
The most convenient choice of material system for the waveguide heterostructure
would be the GaAs/AlGaAs system, where AlGaAs would be used as the cladding, and
either lower mole fraction aluminum AlGaAs or GaAs as the guiding core. This material
system is the one most commonly used for double heterostructures lattice matched to
GaAs, and is regularly grown in the MIT's MBE machines. Since a range of Al mole frac-
tions can be used for either the cladding or the core, with almost no lattice mismatch, a
greater design flexibility is obtained. Even more importantly, the processing technology,
that is the recipes for wet and dry etching and metal contacts, is well established. Unfortu-
nately, the best AlGaAs is grown at 600-7000 C range, with material quality degradation
below that temperature [19, 20, 21]. Attempts at growth of lowered temperature (<5300 C)
A1GaAs with conventional MBE at MIT has had some, though with limited success [15].
Many lasers, made with lowered temperature AlGaAs do not perform nearly as well as the
ones grown at regular temperatures [19, 21].This could be a problem with oxygen incorpo-
ration and DX center formation, which contributes to shorter recombination lifetimes,
leakage current, etc. The exact causes are not totally clear, but consistent poor laser perfor-
mance indicates very little future in such material for lasers and LEDs (unless it is grown
by a nonconventional techniques, such as migration enhanced epitaxy [22, 23, 24]).
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Figure 2.3: Interconnect Metal degradation after a five hour thermal exposure at various
temperatures [17].
The choice of the alternative material system lattice matched to GaAs comes from the
work done in the past decade on aluminum free lasers. These lasers use a ternary com-
pound In 0.49Ga0.51P as the wide band gap material. Unlike AlGaAs which is closely lat-
tice matched to GaAs for any aluminum to gallium ratio, InGaP is only lattice matched
when the indium composition is 49%. For a continuous bandgap change, the quaternary
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compound, InGaAsP, would have to be used. The greatest advantage of these materials for
our project is that they can be grown at 475 0C with good quality in an MBE system. (An
MOCVD type of system cannot be used for this purpose because it requires substrate tem-
peratures of about 7000 C [25, 27].)
InGaAsP, though interesting and promising, would be a difficult material to work with,
since reliable growth is more difficult than for the ternaries, and little work has been done
on InGaAsP matched to GaAs at MIT. (So far, only quaternary material matched to InP
has been studied.) Therefore, the possibility of using InGaAsP for the cladding or the core
of waveguides could not be relied on for this thesis. However, material grown under condi-
tions not compatible with E-o-E and containing quaternaries will be used for certain parts
of this project [27]. Thus, the material system used for the E-o-E integration of IPSELs
with GaAs VLSI will be InGaP/GaAs.
In the long run, however, the ability to grow InGaAsP lattice-matched to GaAs will be
extremely important. Having this ability can both improve laser performance and greatly
simplify OEIC system design. The reason for improved laser performance can be under-
stood by looking at the typical band diagrams of modern semiconductor lasers in Figure
2.4. Almost all of the modern lasers are quantum well lasers. The quantum well material
has the lowest bandgap in the heterostructure. It also has the highest refractive index, but it
is too thin to provide well confined mode characteristics in a waveguide. For this purpose,
a thicker higher bandgap and lower refractive index material is used around the well to act
as the waveguide core. Of course, a third, even higher bandgap and lower refractive index
material is used as the cladding on either side. Thus, the simplest quantum well laser struc-
ture, shown in Figure 2.4a, has three types of material used. However, the electrons travel-
ing from outside to the inside of the well do not always have the time to thermalize with
the rest of the electrons in the well, and for this reason not all of the electrons in the well
reach the subband energy of the well. To fix this situation of poor carrier confinement, the
core material is graded in composition (and band gap) from the cladding to the well. Lin-
early graded confinement layer and parabolically graded confinement layer laser band
structures are shown in Figure 2.4b and Figure 2.4c respectively. To achieve such struc-
tures for our purpose, InGaAsP growth capability is needed, which will improve laser per-
formance.
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Figure 2.4: Quantum well laser band structures: a) simple structure, b) linearly graded
carrier confinement structure, c) parabolically graded carrier confinement structure.
Perhaps even more important is the system design simplification that this capability
can provide. Going back to the simple quantum well structure of Figure 2.4a, three materi-
als are needed. The cladding and the core materials, since they are thick, have to be lattice
matched. Thus using only the InGaP/GaAs material system, InGaP has to be the cladding
and GaAs the core, thus making the well material (pseudomorphicaly strained InGaAs, for
example) to have a bandgap smaller than GaAs. This laser, then, will emit light at a longer
wavelength, which GaAs does not absorb. Therefore, the detectors which can be fabri-
cated in the commercial VLSI process cannot be used, and separate detector layers or
structures which can be used as both detectors and lasers will have to be grown. This
would greatly complicate the OEIC fabrication process. If, however, lattice matched
InGaAsP can be grown, then InGaP would act as the cladding, InGaAsP as the core, and
GaAs as the well material. Thus, the wavelength compatibility problem would be solved.
(Using the wavelength that is absorbed by the substrate, however, can create problems of
crosstalk between an optoelectronic device and other electronic or optoelectronic devices
in the vicinity. This is another challenge for the E-o-E technology.)
For a successful epitaxial crystal growth, the high temperature is required not only
during the deposition but also during the native oxide desorption from the growth sub-
strate. For GaAs, the substrate temperature has to be increased above 5800C to desorb the
oxide. This temperature, unfortunately, will destroy the electronics. Alternatives to ther-
mal oxide desorption have been explored in the past. The use of hydrogen plasma or ther-
mally cracked atomic hydrogen [13, 28] was proved to be successful for low temperature
oxide desorption. For this project, atomic hydrogen oxide removal will be used. The sub-
strate for this process is held at 3000 C, which is well within acceptable limits.
2.3 Dielectric Growth Window Cleaning
The choice of the right material system and the optimization of the epitaxial growth condi-
tions are not the only requirements for good material quality. In the E-o-E integration tech-
nology, the other requirement is a clean undamaged starting surface for growth in the
Dielectric Growth Windows (DGWs). As in the case of growth, the cleaning procedures
are constrained to processes which do not destroy the circuits on the chip. In this case,
instead of thermal damage to the higher level metal interconnection, one has to take care
that the whole dielectric stack, the bondpads, the ohmic contacts connecting to the DGW,
and the crystal surface itself do not get damaged during the etching of the 6.5gm dielectric
stack. This phase of the E-o-E process is affected by fact that different chip generations
have somewhat different dielectric stack structures. Consequently, different chip genera-
tions present different problems during DGW cleaning.
The Vitesse HGaAsIII process has four levels of aluminum interconnect metallization
[67, 68]. The top and bottom of each aluminum layer is protected by a thin tungsten nitride
layer. PECVD oxide is deposited on top. Then, spin-on glass is used to planarize the struc-
ture. PECVD oxide is deposited again before WN and aluminum are deposited and pat-
terned. The process has both depletion mode and enhancement mode MESFETs. The
active area and the channel are implanted, with silicon nitride and oxide used for the mask.
Though the process is described here in some detail, many of the aspects of the process are
proprietary and are unknown. Furthermore, due to changes during the half to full year
period between each generation of the chip, the dielectric stack structure changes some-
what, causing very noticeable differences in the etching. This situation provides unwel-
come challenges to the E-o-E process.
The first attempt at the DGW cleaning (Figure 2.5a) was done on chips from a three
level metal Vitesse process, HGaAsII. Passivation (usually used to open the bond pads)
and the scribe line etches were used at the foundry to open up the windows all the way to
the substrate. After an oxygen plasma clean, and a quick buffered hydrofluoric acid etch,
the chips were put into an MBE for AlGaAs LED structure growth. The LEDs fabricated
on the chips did emit light, but with very poor efficiency. The surface of the DGWs was
not carefully investigated for surface roughness. More importantly, it became apparent
later, that single crystal material grown on those chips was fortuitous, since later attempts
to remove the fluorocarbon deposits from the substrate surface on chips from the same
batch have failed.
For the next generation chips (Figure 2.5b), the multiproject MIT-OEIC3 [15], only
the scribe line etch was performed at the foundry in the DGWs in attempt to leave between
half and one micron of the dielectric. However, this chip was fabricated in the HGaAsIII
process with four levels of interconnect metal, and the dielectric stack is more than 6gm
thick. The scribe line etch was not as deep as expected, at least not for this run. Therefore
the OEIC3 chips had 4.0-4.5gm of dielectric left in the dielectric growth windows. To
remove this dielectric, a range of approaches were investigated. Using an CF4/O2 reactive
ion etching (RIE) system, we cleaned the DGWs were cleaned down to the substrate. The
oxygen level was kept in the 10% range to reduce the polymer deposits. However, even
when no deposits were visible by Nomarski filter microscope, the surface had many dislo-
cations, which were later traced to dry etching deposits. In addition to the deposits, surface
damage from the ion bombardment in the RIE was also observed. For the overetch of 30
min, the surface roughness could be observed by Nomarski filter microscope. Even for 5
minute etch, the GaAs surface was clearly roughened, when examined in an atomic force
microscope (AFM). The chips were routinely overetched by about 30 min, since the thick-
ness of the dielectric stack varied from chip to chip, and even in different locations of the
chip. Another problem with the dry etch was that the selectivity between photoresist and
silicon oxide was so poor that the resist etched faster than the oxide. To compensate for
this, both multiple remasking and metal mask approaches were used, both of which were
cumbersome.
Wet etching the dielectric stack was also labor intensive due to the lateral etching at
interfaces, which exceeded vertical etch rates by more than an order of magnitude. One of
the interfaces that did not hold up to the etching was the photoresist-silicone oxide inter-
face. The hydrofluoric acid seeped underneath the resist and etched outwards as far as
30gm in 10 minutes. One interface near the bottom of the dielectric stack was also causing
problems, because the acid etched laterally along it. It is speculated that it was the silicon
nitride to silicone oxide interface, but this could not be verified. Thus, multiple lithogra-
phy steps were required for wet etching down to the substrate. Even when the oxide was
etched down to 0.5gm from the substrate with the RIE, the subsequent wet etch required at
least two photolithography steps to complete it.
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Figure 2.5: Dielectric growth window (DGW) design progression. Shown are the DGWs
after the commercial VLSI fabrication, and before the pre-growth processing.
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The dielectric growth window cleaning procedures described above were too cumber-
some and labor intensive, and had a potential to drastically reduce the yield for good
devices. The optimal process would consist of an etch at the foundry that comes close to,
but stops short of the substrate uniformly across the wafer. Then, the rest of the DGW can
be wet etched clean in the laboratory. A solution which comes close to this situation is to
put first level interconnect metal over the DGW, and then have the foundry do both the
passivation and the scribe line etches (Figure 2.5c). These etches will go through the
whole dielectric stack, and stop on the metal, since aluminum is not attacked by the oxide
etch. The aluminum, then can be wet etched away, leaving the dielectric underneath. The
dielectric thickness under the metal is very uniform, since it is so close to the planar sub-
strate. It is about 0.5gm thick, and a few more lithography steps are required to finish the
cleaning. This approach was employed on OEIC4 and OPTOCHIP chips [13], and though
not perfect, is a much more reliable process.
Unfortunately, the OEIC4 chips were delivered in very limited numbers, and have
since been used up. The only chips available for laser and waveguide projects are the
OEIC3 chips with the old DGWs with 4.5tm of dielectric left to remove. There is usually
an additional 0.7gm of silicon oxide deposited on top to protect the bondpads during the
post-growth planarization. Fortunately, the DGW for the experiments in this thesis is very
large, 450 gm x 6 mm, and more room for lateral etching can be allowed. Some details of
the chip layout and the dielectric growth window geometry used for this project are illus-
trated in Figure 2.6.
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Figure 2.6: Schematic of the OEIC3 chip layout and of the stripe DGW geometry.
The substrate material in the window is not uniform, but consists of both implanted
and unimplanted regions. The implanted region is vital to our process, because together
with the ohmic (source/drain) contact, it provides the bottom (n-side) contact. The reason
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the middle of the window is not implanted is that it was thought that the material quality
grown in the implanted region would be inferior to the unimplanted one, and by partially
implanting the periphery of the DGW, the device could be grown on the unimplanted
region, while still having the bottom contact available. (Since then, no detectable quality
difference between the material grown on the implant and outside the implant was found
so in the OEIC4 and OPTOCHIP designs all of the DGW was implanted.) As a result of
this, even if only the middle 50gm is needed to be opened for a device, most of the stripe
has to be opened in order to make the bottom contact. Thus when cleaning this window,
the photoresist line was patterned about 20gm from the contact, which leaves 50gm of the
implant cleaned. During the wet etch, the region of the DGW next to the contact is
inspected for lateral etch spread, and when the damage gets close to the contact area, the
photoresist is reapplied. An all-wet etch process requires about five lithography steps to
complete.
To reduce the number of steps, and thus increase the yield and productivity, a different
dry etch was attempted. CHF 3 gas was added to the RIE system, which when used simi-
larly to the CF4 etch produced an oxide-to-photoresist etch ratio of 1.2:1. Thus, with a 4.5
gm thick resist, the dielectric stack in the DGW can be etched down to the substrate with-
out removing all of the resist first. The dry etch was used to get down to about 0.1-0.3gm
of dielectric in the thinnest spot, and then a wet etch is used (requiring two more masking
steps) to clean the DGW down to the substrate. However, the RIE might not be acceptable
for the etch, due to some evidence that the residue deposited during the etch on the oxide,
somehow redeposits on the substrate after the oxide is wet etched away. This was demon-
strated in a parallel plate oxygen plasma etcher, and has not been demonstrated on the par-
ticular RIE system used for the DGW opening. The morphology of the chip DGW crystal
surface and the bulk wafer crystal surface after growth seemed identical under an optical
microscope with Nomarski filters. Photoluminescence of the chip and bulk material was
also similar, with the chip material having a stronger peak. However, the quality of the
growth was extremely poor, so any substrate quality effects might have been below the
noise level. Whether the contaminants are permanently deposited will have to be deter-
mined in a more formal study in the future, by analyzing the substrate surface after DGW
cleaning and the material quality after growth on chips prepared by the RIE and wet etch
processes.
If the RIE process does not cause contamination, the new generation chips will be
cleaned in the following manner: First, silicon oxide will be deposited to provide bondpad
protection during subsequent processing steps. Then, the first lithography step will be per-
formed, and the protective oxide in the DGWs will be removed with RIE. Using the same
photoresist, the WN/Al/WN first level metal will be wet etched away using H20 2 to
remove WN, and HCl to remove aluminum. Again, the same photoresist will be used to
dry etch the dielectric underneath the metal until about 0.1 gm remains, and without touch-
ing the substrate. This process should be more reproducible and controllable, since the
dielectric underneath is uniform and relatively thin. One more photolithography step will
be needed to wet etch the 0.5gm of SiO2 , and one more to wet etch the 40nm Si 3N4 layer
on top of the substrate, finishing the DGW cleaning. If the RIE does cause contamination,
all of the dielectric under the metal will have to be wet etched.
2.4 Post-Growth Planarization
Planarization of the optoelectronic device epitaxial layers with the top surface of the inter-
connect metal/dielectric stack is important for two reasons. First, a planar surface allows
for much better control of the photolithographic patterning, enabling definition of smaller
features. A non-planar surface does not allow close contact between the mask and photo-
resist, causing diffraction and rounded wavy features. It also causes photoresist thickness
variation on different parts of the wafer, not allowing for use of optimal process parame-
ters for all the features on the chip. The ability to define smaller features enables an
increase in circuit density, as well as improvement in device performance. Moreover, for
such devices as waveguide switches and splitters, device performance is critically depen-
dent on small feature patterning capability.
The second reason for having the epitaxial material top surface level with the dielectric
stack, is the ease of interconnection it provides between the optoelectronic devices and the
electronics. If there is a drop between the two surfaces, metal coverage over that drop
becomes a problem. This is especially true if the drop is very straight, as would be for
mostly dry etched features. However, even if the drop is slanted, the yield would be
reduced. Furthermore, patterning metal over this drop is also a problem, especially for
small features desirable for high density applications. Thus, having a planar structure
before optoelectronic device processing is important.
To make the epitaxial layers planar with the dielectric stack, their thickness has to be
equal to the thickness of the stack, and usually, a buffer is grown on the substrate, provid-
ing for the extra thickness. However, the material is not only deposited inside the DGWs,
but also on the dielectric stack in a polycrystalline form. This polycrystalline material
deposited during growth has to be removed to make the surface planar.
The removal can be done by covering the epitaxial material with masking material,
and etching the polycrystalline material away. Most etching mixtures for compound semi-
conductor will not etch the silicon oxide containing materials, so the PECVD deposited
oxide and spin-on glass on top of the dielectric stack will not be affected by the chemistry
used to strip the polycrystalline material. However, the aluminum bondpads will be
destroyed by most of these chemicals. To prevent the damage to the bondpads, therefore, a
layer of silicon oxide is deposited on the chip surface prior to the DGW substrate cleaning
procedure. In the future, a layer of dielectric on the bondpads will not be etched away at
the foundry and will be left intact, eliminating the need for the bondpad protection process
step.
There are two options for the poly stripping: wet or dry etching. Wet etching is quicker
and this was the original method. For the AlGaAs/GaAs material system, an H3PO4/H20 2
mixture in aqueous solution was used. For the InGaP/GaAs material system, alternating
etches of HCl/H 3PO4 aqueous solution for InGaP and H3PO4/H20 2 aqueous solution for
GaAs was used. A single etch of H2SO 4/H20 2 can also be used for this material. However,
it is harder to control. Unpredictable undercutting is possible, creating a risk of the wet
etch solution penetrating under the protective mask, and damaging the epitaxial layers in
the DGWs. Furthermore, it has been noticed that for some versions of the HGaAsIII Vit-
esse VLSI chips, the dielectric underneath the poly cracks during the growth. These cracks
then provide a path for the wet etching solution to seep under the top dielectric layers,
destroying some of the aluminum interconnects and bondpads.
To avoid the hazard of wet etching, mainly due to the isotropic nature of the etch, dry
etching was used for stripping the polycrystalline material. Room temperature dry etching
of GaAs is usually done with chlorine containing compounds. However, these do not etch
indium containing semiconductors due to low vapor pressure of indium chlorides at room
temperature. Indium containing compound semiconductors are usually dry etched with
methane and hydrogen mixture. However, this process does not etch GaAs very well. Due
to availability, the initial dry etching of the poly stack etch was done with chlorine at ele-
vated temperatures (150-225 0 C) on an Ion Beam Assisted Etching (IBAE) system, which
uses extraction grids to extract an argon ion beam from an Electron Cyclotron Resonance
(ECR) plasma source [13, 29]. At these temperatures, the etch rates of InGaP are fairly
fast, and the etch is mostly anisotropic. GaAs has a much stronger isotropic etch rate, but
much smaller than the anisotropic component. More importantly, it is much smaller than
with a wet etch, where all of the etching is isotropic. Because the temperatures are high,
photoresist cannot be used, and silicon oxide will have to be the choice as a protective
mask for this step. The LED OE-VLSI project used this processing step for post-growth
planarization with the sample heated to 1950 C. The etching characteristics of the InGaP/
GaAs material system in the chlorine IBAE system will be discussed later in Section 3.3.
As another option for polycrystalline material stripping, a bromine IBAE was also
used, since this system is already being developed as a laser facet etch. The advantage in
using this system lies in the fact that the etch can be performed at temperatures as low as
500 C, so that photoresist instead of silicon oxide can be used to mask the DGWs. This
eliminated the need for the oxide etching before the poly strip, and the patterning of resist
after the poly strip to protect the dielectric stack during the oxide removal from the epitax-
ial material after the poly strip. This resist can then also be used for the dry etching of the
oxide deposited on the bondpads. Perhaps using an IBAE system for this step is too costly
for a manufacturing process, but a bromine based RIE etch for the InGaP/GaAs material
system can very likely be developed.
2.5 E-o-E OEIC Examples
Most of the work described in this thesis was done for a project whose final goal was E-o-
E integration of IPSELs and GaAs VLSI circuits. Due to the complexity of the IPSEL fab-
rication, the final IPSEL OEIC was not fabricated for this thesis, but rather the develop-
ment of the IPSEL fabrication techniques and improvement of the E-o-E technology are
its focus. However, a fully completed E-o-E OEIC with LEDs was completed with the
author's participation. Therefore, as an example of the full E-o-E development, design,
and fabrication process, this project will be briefly described in this section.
The project to be described here is called OPTOCHIP [69]. For this project, MIT acted
as an optoelectronic integrated circuit foundry for eight other research groups. Each group
had available to them 2 mm x 2 mm chip for their project. Including MIT, nine projects
were placed together in a 3x3 array (see Figure 2.7). The total size on the chip, including
the scribe lanes and borders, was slightly less than 1 cm on a side. The choice of devices
for the OEICs included all the transistors and photodetectors available in the Vitesse
HGaAsIII process, and LEDs. All the groups used a modified technology file for their cir-
cuit layout, which included layers used for the LED and pre- and post-growth processing.
However, a standard LED cell was provided for them to instantiate into their design. This
cell included all the layers, including the DGW, bottom contact, and top contact pad defi-
nition at Vitesse, and all the layers for the processing at MIT. Full control of the electronic
and detector device cells was given to the individual groups, and cells for LED drivers
were also provided for optional use. All of the electronic component models, schematic
files extraction files, and rule checking tools were provided by Vitesse.
Before the designs for the groups were commenced, the details of the integration pro-
cess and the LED structure were designed and tested. For the design, both the experience
from previous E-o-E integration efforts and the results of new experiments and simula-
tions were utilized. For the E-o-E technology experiments, a multiproject OEIC4 chip was
used. (Since multiple copies of chips come from the foundry, a few projects can be put on
the chip, with a few copies of the chip used for each project. This is the multiproject chip
concept. In theory, only a portion of each copy of the chip is used, but often it is the case
that the circuits and the DGWs on other projects can also be used.) OEIC4 chip was the
first chips with the new generation DGWs. As described in Section 2.4, this new design
has the level one metal protecting a thin dielectric layer and the crystal from the etch at the
foundry, which removes the rest of the dielectric stack in the DGWs. The process steps
needed to clean out the rest of the material in the DGW were developed on these chips.
Estimates for the proper size of the DGW were also obtained from these experiments. The
wet etch chemistry for the post-growth polycrystalline material removal was also devel-
oped on this chip. As mentioned before, alternating GaAs etchant and InGaP etchant
method was used. Problems, such as cracks in the upper dielectric layers after growth,
which allow the penetration of the acids and destruction of the circuits underneath, were
also noted. This prompted investigations into the dry etching technology necessary for
poly stripping. Another issue, growth on the chips for this project, was also addressed
using the OEIC4 chips.
LED design and process development was done on both bulk GaAs substrate and
OEIC4 chips [13]. The major LED heterostructure design issue was the thickness of the
active layer. After different structures were tested, the structure was chosen with a n+
doped GaAs buffer layer, 700 nm n-type InGaP layer, 600 nm nominally undoped GaAs
active layer, 700 nm p-type InGaP layer, and 200 nm p+ GaAs contact layer on top. Other
issues for the LED design and processing were mesa depth for current isolation, top con-
tact shape, size, and location, and the location and size of the contact pads. A structure
with 30 jm wide mesa, 3gm Ti/Au contact arranged in a 20 jim wide square on a side was
chosen. Commercial software was used to model current spreading, and to assist in the
contact design. Interconnection with the chip's electronics was also investigated. Alumi-
num, patterned by wet etching, was used for interconnection. It was discovered that alumi-
num reacts with the gold contact, causing high series resistance. This prompted a study of
alternative LED contact structures. It was also realized that dry etching aluminum is a pro-
cess much less susceptible to photolithographic misalignments, because of the minimal
lateral etching.
Figure 2.7: Photograph of the completed OPTOCHIP OEIC.
OEIC4 chip was also used to do some electronic circuit characterization. The transim-
pedance amplifier was tested. The LED driver was tested to make sure sufficient current is
supplied to the LED in the "on" state, and that the LED is off in the "off" state. Circuit per-
formance degradation after epitaxial growth and device processing was also studied. No
significant degradation was found. Finally, the effect of optical crosstalk was also studied.
The design and testing of the E-o-E integration process, the LED structures, and the
electronic circuits, provided us with enough information to decide on the final LED cell
that the participating groups were using. Additional layout rules to those required by the
Vitesse line were also decided on. For example, a bondpad design, different from the one
recommended by Vitesse, was requested in order to increase planarity of the chip surface.
Also, all were requested to include alignment marks in their portion on the chip. Continu-
ous communication between the eight groups and MIT was maintained to ensure proper
understanding of the design rules, and to solve any unforeseen problems. Once the design
of the chip was completed, the layout was assembled at MIT, rule checked, and sent out to
Vitesse for fabrication through MOSIS.
Most of the eight groups used their chip area to fabricate a system. On the portion of
the chip designed by MIT, mostly testing and demonstration circuits were included. Some
area was left for E-o-E process characterization. Some special DGWs were included to
study different size LED structures. Of course, electronic test circuits, such as a ring oscil-
lator, from which the gate delay, a parameter very sensitive to the circuit degradation, can
be easily obtained, were also put on the chip. A variety of detector structures were also
included for future system optimization. Furthermore, different types of LED drivers, inte-
grated with LEDs were put on the chip. Different types of OEICs were designed. One, was
a simple structure with an OPFET/active load structure connected through a digital
inverter, and then through a driver to an LED, to study crosstalk issues. As a demonstra-
tion project for integration of an LED array with complex digital electronics, a 5x3 array
of individually addressable and drivable LEDs was connected to a combinational logic cir-
cuit, which converted a binary number input into a display. (The LEDs can be seen in a
camera, which is sensitive to 850 nm light.) This circuit was called the "Number Array".
A high speed, high density circuit was also designed. In this circuit a 300x300 pLm size
"pixel" was made up of one LED, one detector, and 500 transistors (including the LED
driver). The detectors and LED centers were 150 mm apart, so that if an array of these
"pixels" was assembled, a standard fiber ribbon with 150 gm pitch can be used to bring in
and carry out the signals. The electronic circuits consist of a ring oscillator, and seven D
flip-flops to divide the oscillator signal to measurable levels. It is designed such that if the
light is shining on the detector, then the LED output is about 300 kHz, and if the detector
is not illuminated, the LED output frequency is half, or about 150 kHz. This circuit, called
the "Smart Pixel", is shown in Figure 2.8.
Figure 2.8: Smart Pixel circuit: layout schematic and functional block circuit diagram.
After the chips were received from Vitesse, the electronics were tested. For circuits
that would be integrated with LEDs, the current provided by the driver was measured. All
of the circuits performed as expected, though the Smart Pixel circuit frequencies were
higher due to improper modeling of the gate capacitance.
Figure 2.9: Optical microscope and SEM images of a fully processed and interconnected
LED on OPTOCHIP.
First fabrication step was bondpad protection dielectric deposition. Next, DGW clean-
ing was performed. All wet etch processing was used. After the protective aluminum layer
was removed, five photolithography steps were performed until the substrate was cleaned
of the dielectric. Next, epitaxial growth was performed. After growth, the chip was
remounted on a larger silicon piece with indium for ease of handling. Oxide was patterned
to protect the crystal, and the chlorine IBAE was used to strip the polycrystalline material.
Using another lithography, the oxide on the crystal was removed. Next, the top contact
was deposited using the lift-off technique. To avoid the detrimental effects of the alumi-
num and gold reaction in the subsequent interconnection, Ti/Pt and Ti/Au/Ni (where Ni
forms a barrier) were successfully employed. After the contact patterning, the mesas were
etched using wet chemistry. Isolation dielectric was laid down next. It was patterned t6
open vias to the LED contacts. Next the protective dielectric was removed selectively from
the bondpads using dry etching, since wet HF etch will damage the bondpads. Once the
pads and the contact vias are open, aluminum is deposited. The fabrication procedure was
concluded by patterning it in a chlorine based RIE system. The completed OPTOCHIP is
shown in Figure 2.7. A fully processed and interconnected LED is shown in Figure 2.9.
a) before E-o-E Integration b) after E-o-E Integration
Figure 2.10: Output waveform of a 23 stage ring oscillator circuit a) before and b) after
the E-o-E integration process. The gate propagation delay of 67 ps remained constant [70].
Some of the chips were tested to make sure the electronics and the LEDs were func-
tional. For example, a 23 stage ring oscillator circuit frequency of five unprocessed chips
was compared to the frequency of the same circuits on five chips after growth and process-
ing. (Different chips were used for the pre- and post-integration measurements.) The aver-
age frequency for each group suggested the same 67ps gate delay for both pre- and post-
integrated chips, as shown in Figure 2.10. A photograph of a functioning LED is shown in
Figure 2.11. The major problem with the OEIC performance was LED performance uni-
formity. Finally, after the measurement, the nine project chips were diced using a diamond
saw into the individual 2x2 mm chips, and shipped for testing to the groups.
Figure 2.11: A functioning OEIC with an emitting LED.
Chapter 3
Laser Facet Etching
3.1 Facet Etch Requirements
As is true for any laser, semiconductor lasers require an optical cavity, defined by mirrors,
in order to establish lasing. The mirrors provide feedback for photons associated with a
select number of optical Fabry-Perot modes (preferably one for most applications), which
in turn, through stimulated emission, generate more photons in these modes, creating
coherent laser radiation. A typical semiconductor laser mirror is created by a crystallo-
graphic cleaved facet perpendicular to the laser cavity. Reflectivity of these cleaved facet
mirrors is close to the reflectivity of a normal incidence plane wave on a semiconductor-
to-air interface, approximately 30%. Because semiconductor lasers have the highest opti-
cal gain of any laser gain medium, such reflectivity is enough to provide sufficient feed-
back for lasing, even with sub-millimeter size cavities.
When discrete semiconductor lasers are fabricated commercially, most of a semicon-
ductor wafer is patterned with laser cavities running along a major crystallographic direc-
tion. The wafer has to be thinned to < 150 gm to maximize the chances of obtaining a
good cleave. Then, it is cleaved perpendicular to the cavities into bars, tested, and cleaved
or sawn again to separate individual devices.
The necessity of creating good cleaves for the laser mirrors complicates the laser pro-
cess, introduces extra handling, and reduces yield. The first critical step in the process
occurs during the alignment of the laser facet to the crystallographic axes. If there is any
misalignment, mirror reflectivity will be effectively reduced. The necessity of thinning the
wafer introduces problems in subsequent process steps, such as back-side metallization
and testing, due to the wafer fragility. Finally, the impossibility of testing the devices on a
full wafer, and the need to handle small laser bars makes the mass fabrication process even
more complicated and costly. Thus, an ability to fabricate laser mirrors without relying on
the cleave would be an enhancement of the manufacturing process [1].
Another application for non-cleaved facets is for two dimensional arrays of lasers [16].
These lasers would be emitting normal to the surface of the laser, such as In-Plane Surface
Emitting Lasers (IPSELs) described in Section 4.1, where a deflector redirects the light
perpendicular to the wafer. As discussed in the introduction, these arrays are indispensable
for certain OEICs, where the lasers would be intermixed with electronics and detectors.
The research done for this thesis was conducted with exactly such a system in mind.
In addition to IPSELs, there are other devices that can only be built if vertical facets
can be fabricated. Total Internal Reflection (TIR) mirrors at abrupt waveguide bends
would allow compact photonic circuits [71, 72]. Losses at continuous bends can also be
drastically reduced if the waveguide walls at the bends act like curved facets [73]. Semi-
conductor ring lasers, where the cavity is continuous, and only one facet is allowed to
transmit, is another example [74]. A U-shaped laser, where both output facets are facing in
the same direction, is another application [75]. Laser and modulator integration also
requires such facets before regrowth [53].
One approach to forming a laser facet without cleaving the whole wafer is microcleav-
ing [76]. In this approach, selective etching is used to etch away the substrate under the
epitaxial laser layers, forming a cantilever from the laser layers. Then, the cantilevers are
cleaved off. Published attempts at using ultrasonic vibration to microcleave devices across
a full wafer produced poor yields, and each microcleave had to be done by hand. For this
reason, microcleaving is an inefficient method to produce facets without cleaving the sub-
strate. Furthermore, no sloped deflectors for IPSELs can be formed. Thus, the most attrac-
tive and common way to make non-cleaved facets is by etching.
From the description of different applications above, an ideal type of etch required for
laser and waveguide mirrors and deflectors can be deduced. Such an ideal etch would etch
all the device epitaxial layers and not effect the etch mask. It would be able to produce
walls perfectly perpendicular to the wafer surface, regardless of the crystallographic direc-
tion of the etch feature or the crystal orientation of the substrate. (Sometimes wafers are
cut as much as 100 away from a crystallographic plane to enhance epitaxial growth proper-
ties.) The walls would be perfectly straight vertically, regardless of types of materials
included in the heterostructure. Furthermore, the wall should not recede back from the
etch mask, reproducing mask profile perfectly. This is especially useful for structures
employing separate facet and deflectors, or for TIR mirrors at waveguide turns, where
alignment is critical. Moreover, the etch should not leave any roughness or damage on the
facets. Rough facets would cause scattering losses at the mirrors, and any defects at the
mirror could cause laser reliability problems during high power operations. Finally, the
etch should be totally isotropic and crystal orientation independent, allowing for complex
facet and deflector shapes.
Some other, less obvious requirements, would make device fabrication simpler and
reliable. The first requirement would be etch rate reproducibility and uniformity. The etch
rate should also not depend on the pattern feature size, depth, or orientation. For etching
complicated deflector shapes, having the rate to be equal for all the heteroepitaxial materi-
als would be a major advantage. Sometimes, having a material, a thin layer of which,
when incorporated into the heterostructure, acts as an etch stop, is very advantageous for
etch depth control. Process reliability is further enhanced by a etch which is relatively
insensitive to small parameter variations. Finally, simplicity and safety of the equipment
should also be considered.
In the case of the present project, an etch is required that will create smooth and
straight walls in a heterostructure composed of lattice matched InGaP, InGaAsP, and
GaAs. Since parabolic deflectors will be fabricated, the etch should optimally have the
same rates for these materials. Finally, it should be possible to use a photoresist mask for
this project, which is easy to apply and to remove.
All of the ideal etch characteristics described above are difficult to obtain simulta-
neously. Some of these requirements must be relaxed when developing real process steps.
For the present application, retaining the requirement of verticality and smoothness of the
facets is of utmost importance. Having the etch rate vary for different semiconductors in
the heterostructure is not as important, as long as the rates are consistent. Simplicity of the
etching system can also be compromised, as long as the possibility of full wafer process-
ing is retained. The availability of an etch stop layer is also not as important. Finally, mate-
rials other than photoresist can be used as an etch mask without too much penalty. This
material does not have to be totally resistant to the etch, as long as the integrity of the pat-
tern remains throughout the etch.
3.2 Dry Etching Equipment and Processes [36]
The first attempts at making IPSEL structures were done with wet etching 450 intracavity
deflectors [77]. Some lasers with wet etched vertical facets were also obtained [78]. How-
ever, constraints on the type of the heterostructure and the exact facet orientation make
obtaining straight wall profiles with wet etching proved very difficult and not practical.
Since the development of mature plasma processing technology, it became obvious that
the most appropriate method for laser facet fabrication is dry etching.
Dry etching usually refers to etching with gaseous reactive species under kinetic
energy assistance. Usually, the kinetic energy assistance is obtained by creating a plasma,
and then accelerating the ions out of the plasma towards the sample using a built-in or
applied potential bias. The ions impinging on the sample are relatively normal to its sur-
face, thus providing a relatively vertical etch profile. In addition to the kinetic assistance,
plasma etching has another advantage of being able to generate new etching species dur-
ing the electron-ion collisions. Because of these properties of plasma etching, it has
become the technology of choice for etching in the semiconductor industry.
The relevant parameters of any plasma etch in the vicinity of the sample are the types
of reactive species and their concentrations, energy of the impinging particles, their con-
centration, and their directionality, and the temperature of the substrate. The way these
local parameters are related to the global parameters, such as gas flows, chamber pressure,
incident electromagnetic power, and the bias voltage, is totally dependent on the type of
system, and varies greatly even among similar system types. Usually only empirical
knowledge of a particular etching apparatus is the only way to investigate its potential for
a certain application. However, before choosing among the options available, the different
types of equipment need to be reviewed and compared. When doing so, one can estimate,
if only qualitatively, the relative range of the local etching parameters available. Just as
important as the range of the parameters, the extent to which these parameters can be con-
trolled independently also must be considered. Therefore before starting with the project,
different types of dry etching equipment were evaluated with the above considerations in
mind.
The simplest type of dry etching equipment is what is most often called a barrel etcher.
In this apparatus, a low pressure gas mixture is introduced into a cylindrical quartz cavity.
A coil is wrapped around this cylinder, and a Radio Frequency (RF) current is passed
through this coil. The electromagnetic field set up by this coil interacts with the gas mole-
cules, ionizing some of them, and thus creating a plasma. Some of the electrons, acceler-
ated by the field, collide with more molecules, ionizing them as well, creating a denser
plasma. The field, electron to molecule collisions, and ion to ion collisions sometimes
break bonds, creating unstable radicals. Since the pressure in the chamber is low, the
chance of these radicals colliding and recombining back to the stable compounds is low-
ered. It is these unstable radicals with prolonged lifetimes that are responsible for most of
the dry etching.
The electrical characteristics of the plasma are also important to many etching pro-
cesses. The electrons are much faster than the positive ions in the plasma, and thus
respond much more quickly to the field than the ions. Thus during each cycle of the RF
field, the electrons are attracted to one or the other part of the coil, reaching the walls of
the chamber closest to the coil. The ions are also attracted to the opposite parts of the coil,
but since they move much more slowly, they do not have time to respond fully, so most of
them do not reach the walls of the chamber. Thus, this discrepancy in the electron and ion
speed, creates a space charge layer at the walls of the chamber. As this space charge
builds, it creates a built-in DC field. This field grows as the space charge layer grows, until
it prevents the electrons from reaching the walls, and in this way limits itself and the extent
of the space charge region. Apart from the space charge region, the plasma itself is quasi-
neutral, and being conductive, it is at an equipotential. If something, such as a sample, is
inserted inside this plasma, however, the conductivity of the plasma is locally interrupted,
and a space charge region forms around this object. The built in field associated with this
space charge layer is only about 5-20 V. However, acceleration of ions even by this small
field does enhance the etching characteristics.
The major drawback of the barrel etcher is the small ion energy available to assist the
chemical etching. Furthermore, the field direction around the sample is not uniform, so the
direction of the ion impingement is not uniform. These two facts are the reason that the
etch profiles in this equipment are not vertical, and some undercutting is also evident.
Finally, none of the local etching parameters can be controlled independently. Each of
them - ion energy, ion current density, and the radical types and densities - depends on
each of the global system parameters, such as gas mixture and pressure, RF power, sample
and sample holder location and geometry, and on the chamber configuration. Barrel etch-
ers are useful though for very thin film etching, cleaning the bottoms of photoresist pat-
terns, as well as stripping materials. This is the least expensive dry etching apparatus used
in the industry.
Another inexpensive etching apparatus is a parallel plate plasma etcher. In this case,
the RF field is applied between two equal size parallel plates, and the sample is placed on
one of the plates. Just as in the barrel configuration, plasma and reactive species are gener-
ated by the field, and a space charge region is generated next to the electrodes. The differ-
ence lies in the fact that the sample is now on the electrode, and inside the DC bias field.
This field is much larger and more uniform than the one created by placing the sample
inside the plasma, and as a result, the energy and the directionality of the impinging ions is
greatly increased. Thus the possibility of obtaining a more anisotropic etch is also
increased. The lack of ability to independently control local etching parameters remains
the same, however.
If the parallel plate etcher is altered by decreasing the size of the sample holding elec-
trode relative to the other electrode, the bias voltage is divided unequally between the two
electrodes, with a larger potential drop over the space charge region adjacent to the smaller
electrode. In this way, the energy of the ions impinging on the sample is larger, and etches
can be designed in which the etching by the reactive radicals occurs only in conjunction
with the energetic ion impingements. Usually the voltage range for an unequal parallel
plate etcher is 100-500 V, whereas for the equal plate case is only 50-100V. The unequal
plate parallel plate reactive plasma etcher has acquired the name Reactive Ion Etcher
(RIE). (Other types of equipment are also called RIE, but people use additional descriptors
with this acronym to specify the configuration.) The larger electrode in an RIE does not
have to be flat, and is usually made to be the top cover of the chamber. If the ratio of the
electrode areas is further increased, the gas inside the chamber is made to be inert, and the
RF power is increased to about 1000W, the system is called a sputter etcher, where the
material is removed only through the mechanical action of impinging energetic ions
. For the case of the RIE, the ability to independently control etching parameters is not
improved over the regular parallel plate etcher. However, this type of equipment is the
most widely used of any other dry etching equipment, and many good results for etching
semiconductors, dielectrics, polymers, and metals have been achieved with it. Further-
more, when the project began, this was the only type of equipment available on the MIT
campus.
As was mentioned earlier, the plasma is produced mostly by ionizing electron-mole-
cule collisions. The pressures, however, are low, and the electron velocities are large, so
that the chance of a collision is small before the electron reaches the chamber wall. To
increase the effective path length of the electron, and thus increase its chances of collision,
magnetic fields can be used. There are many varieties of configurations used for the mag-
netic field enhanced RIEs. All these provide higher, as well as more independently con-
trolled, plasma densities. The most popular configuration recently is an Electron
Cyclotron Resonance (ECR) RIE. Instead of an RF source, a microwave power source is
used. The magnetic field strength and distribution is tuned so that a resonance between the
linear motion due to the microwave excitation, and tangential motion due to the magnetic
field is established. During that resonance, the motion of the electrons becomes circular,
effectively making their path length almost infinite. Thus a much denser plasma is estab-
lished.
With the ability of obtaining dense plasmas, a downstream RIE configuration became
possible. In this configuration, the plasma generation chamber and the sample chamber are
separate. Usually, the plasma is generated in a separate chamber above the sample, which
is in the etch chamber, and diffuses into the etch chamber. The sample is biased, most
commonly with an RF source, so that the ions from the plasma are accelerated towards it.
In this configuration, the ability to control the ion energy separately from radical and ion
impingement rate is greatly improved. Directionality of the impinging ions is also slightly
improved if the distance between the plasma chamber and the sample is increased. In most
cases in use now, the plasma is generated by a microwave source. In fact, downstream RIE
reactors with an ECR plasma source are becoming an industry standard.
The next logical improvement to the downstream reactor is to collimate the ions that
are accelerated by the potential bias into a beam by placing two aligned grids at the output
of the plasma chamber. This configuration is called Reactive Ion Beam Etching (RIBE)
system. The amount of control over the parameters is about the same as for the down-
stream RIEs. However, in most of these systems a DC bias is used for the sample, and
larger power supplies allow for larger voltages.
In order to separate the kinetic and the chemical components of a dry etch, the Ion
Beam Assisted Etching (IBAE) systems have been employed. (These are sometimes called
Chemically Assisted Ion Beam Etching (CAIBE) systems.) These are almost identical to
RIBE systems, except that the plasma, and consequently the ion beam, is generated from
inert molecules, usually argon. The chemically reactive gas is introduced next to the sam-
ple not in a plasma form. (If no chemical agent is introduced, the system is called Ion
Beam Etching (IBE) system.) Thus the ion beam parameters are separate from the chemi-
cal species density, and ion beam voltage can for most situations be decoupled from the
ion beam current. The only disadvantage is that these systems are limited to stable species
for the chemical etch component, since they are not generated by plasma. A system that
corrects this shortcoming is Reactive Beam/Ion Beam Etching (RBIBE) system, where the
etchant gas is first made into a plasma before being introduced to the sample, which as in
the IBAE case is being bombarded by an inert ion beam [1].
Regardless of the plasma etching system used, the processes that can determine etch
rates and profiles are the same for all the systems. Perhaps the most basic process is the
chemical reaction between the gas molecules and radicals, and the substrate. In the
absence of any kinetic assistance, the etch rate depends on the reaction rate with, and the
availability of, the reactive species. Usually, the reaction rate is sensitive to substrate tem-
perature. The availability of the reactive species depends on the relative pressure of the
species, the rate of their consumption, and the ability for them to diffuse. If the etch is
reaction rate limited, then addition of extra radicals does not increase the etch rate. If the
etch is limited by the reactive agent supply, then increasing their concentration increases
the etch rate. Another sign of a supply limited etch is a dependence of the etch rate on the
amount of material that is being etched; that is the issue of whether the rate is much higher
when the sample is mostly covered by the mask, than when it is mostly open to the etch.
Finally, diffusion limited etching happens when the reactive species are exhausted in a
small deep hole before a fresh supply can diffuse from the surface. This is manifested in
decreasing etch rates with time for small hole patterns. Pure chemical etching is often iso-
tropic, and causes lateral as well as horizontal etching. Sometimes certain crystallographic
directions are preferred.
The action of the ion bombardment can have an impact in three ways. The first way is
simply sputtering, where atoms of the sample material is knocked away, and gets depos-
ited elsewhere in the chamber. The mask material can also sputter, and has to be chosen
carefully, so that the integrity of the pattern remains throughout the etch, and so that the
masking material does not get redeposited on the sample where etching is desired. The
second action of the ion bombardment is to break the bonds on the sample material to
enable or increase the rate of the chemical reactions. The last action that is possible is the
removal of the reaction product, if the product is not sufficiently volatile. These reactants
are sputtered away. Sometimes, a strong ion assistance is required in the initial stage of the
etch to remove the native oxide on the sample. These actions greatly enhance the etch
rates, and are responsible for the anisotropic etching since the ions require a line of sight.
One exception to this happens when ions rebound off the floor of the etch site, and hit the
sidewall, causing some enhanced lateral etching.
Since unstable radicals are formed in the plasma, they can recombine into new mole-
cules. In some cases these new molecules are nonvolatile, and may coat the surfaces of the
sample. (In fact, plasma enhanced deposition is a very common way to deposit thin films.)
A coating rate begins to compete with the sputtering and etching rates. In many cases, the
coating rate on the masking material could be grater than on the sample material, due to
the fact that the radicals, instead of having the sample material to combine with and form a
volatile product, combine with themselves into nonvolatile species. If the etch parameters
are chosen such that the deposition rate is significant on the mask but not on the sample
material, then the degradation of the mask is reduced. If the parameters are such that both
the ion sputtering and the availability of the reactants (the sample material) for the etchant
species are needed for the deposition not to occur (and the etch to continue), then the dep-
osition occurs on the mask material, as well as on the walls of the etched features (glanc-
ing angle impact does not exchange much energy). This deposited layer provides
protection to the walls from any lateral etching due to isotropic etching or rebounding
ions.
The existence of such a variety of interdependent processes in plasma etching hinders
total understanding of a particular etch. The situation is even more complicated by the fact
that for most etching systems, all of these processes depend on every etch parameter. For
example, in an RIE, if the etching rate of the radicals, not assisted by the ions, is desired,
there is no way to obtain it since the reactive species cannot be created without starting a
plasma and causing ion bombardment. Some people perform complicated studies of these
processes by using in situ time-resolved surface composition analysis or mass spectros-
copy of the desorbed species to obtain concentrations of etchants and products. However,
such studies require expensive and cumbersome equipment. When applying the results of
these studies to another somewhat different etching equipment, they, at best, give just a
qualitative understanding of the processes, and not the quantitative relationships between
them and the system parameters. Thus extensive empirical studies are required to charac-
terize any new system or any new etch.
3.3 Dry Etching Chemistries for GaAs, InGaP, and InGaAsP
As stated in Section 3.1, one of the goals of this project is to be able to etch smooth verti-
cal walls in InGaAsP/InGaP/GaAs system in one etch. In other words, it was necessary to
find an etch that is anisotropic for both InGaP and GaAs under the same conditions. This
material system is not widely used, except for a small effort in aluminum-free lasers [25,
27] and for heterojunction bipolar transistor (HBT) development. For HBTs, most of the
etches required are ones that etch one layer and stop on another with little damage (e.g., to
make contact to the base and collector regions) [43, 79]. Therefore, the etches developed
for these devices are not compatible with our goals. For the Al-free lasers, no reports have
been published about etching cavity facets or deflectors, and most of the etching is done to
define ridges, which requires etching of only InGaP without emphasis on verticality. Thus,
to the best of the author's knowledge, the work done for this thesis is the first attempt to
obtain totally vertical deep etching in the InGaP/GaAs heterostructures for laser facets or
any other purpose. Thus, in addition to the type of system that would satisfy our require-
ments, the proper etch chemistry had to be considered. The two most commonly used III-
V compound semiconductor material systems are AlGaAs/GaAs and InGaAsP/InP. There
have been many attempts to use many different chemistries for either of these material sys-
tems. In order to obtain a starting point for the etch chemistry, an investigation was con-
ducted on the etching chemistries that etch GaAs and the chemistries that etch indium
containing compounds, with the hope that an overlap could be found.
For the AlGaAs/GaAs material system, the most common etch chemistries are chlo-
rine based. In many systems, especially early in the research effort, chlorine alone was
used[37]. It etched GaAs, but for some systems problems were encountered etching
AlGaAs, which were attributed to aluminum oxide formation with the residual oxygen and
water in the system. This was especially the case for systems with poor vacuum pumps
and chambers, and with relatively low ion bombardment energy and rate. Straight chlorine
etching of AlGaAs/GaAs remains the state of the art for RIBE and IBAE systems, where
together with more energetic ions capable of sputtering some of the aluminum oxides,
UHV chambers, cryogenic pumps, and liquid nitrogen cooled traps are used.
For systems where such conditions could not be established, different chlorine based
etches were developed. Some of the more successful ones are boron trichloride (BC13)
[38] and silicon tetrachloride (SiC14) [39]. Sometimes these are used together, sometimes
alone, and sometimes chlorine is added. These have proved successful in both regular RIE,
downstream ECR RIE, and RIBE. Sometimes inert gasses are added to enhance the
kinetic effect. Nitrogen and hydrogen are also added to harness their reactivity with oxides
[38]. Fluorine based gasses are also added [80], since aluminum reacts with fluorine radi-
cals.
The most common etching chemistry for InGaAsP/InP is a mixture of methane and
hydrogen [40]. For this chemistry, simultaneous etching of the semiconductor and deposi-
tion hydrocarbon polymer occur. As long as the methane presence is low, deposition
occurs only on the mask material. However, if it is too high, the etch rate drastically
decreases. In some cases, a small amount of oxygen is introduced, whose radicals react
with hydrocarbons. Inert gases are also added to increase the ion bombardment to chemi-
cal reaction ratio [42, 81]. In some cases chlorine is also added [41]. This chemistry has
been used in both RIE, ECR RIE, and RIBE systems.
There is some overlap in the etching chemistries for these material systems. There are
some cases where the chlorine based chemistries were used to etch indium containing
compounds. Both chlorine [45] and BC13 [82] were used for this purpose. However, these
systems required elevated temperatures to efficiently remove indium chloride reaction
products from the surface. In some cases etching was done at room temperature, but where
large ion and radical densities were used, since an ECR RIE system was used at 1000 W of
microwave power [82]. There are also reports of CH4/H2 RIE systems etching GaAs,
though with low rates. However, for both cases of chlorine and methane, different condi-
tions were used to etch InP than to etch GaAs. Furthermore, the sidewall profile was not
mentioned in these reports. This does indicate that finding a single set of conditions that is
optimized for both GaAs and InGaP would require a considerable effort. Initial attempts to
etch GaAs with CH 4/H2 in an RIE, and InP with C12 in an ECR RIE produced very poor
results. There are other less established chemistries, involving the other two halogens, bro-
mine and iodine, that were reported to be successful [46]. The different gases used were
HBr, HI, BrI 3, and Br 2.
Upon investigation of different systems and chemistries that are used for compound
semiconductor etching, one conclusion was made: most of the recent success in etching
optical mirrors was accomplished with either RIBE or IBAE systems. A chlorine ECR
IBAE system at the MIT Lincoln Laboratory, which was very successful in AlGaAs/GaAs
IPSEL fabrication [34], was available to us. Therefore, even though attempts at using a
regular RIE were made (the campus ECR RIE system was not in place at the time), a more
concentrated effort of developing an etch in this IBAE system was initiated.
Figure 3.1: Non-optimal chlorine ECR IBAE etch of InGaP/GaAs heterostructure (MIT
R417 - 500 V, 40 pA/cm 2, 1750 C, 3 sccm C12).
The chlorine IBAE system at Lincoln Laboratory is the same system used for some of
the polycrystalline material stripping in the E-o-E process flow described in Chapter 2. It
consists of mostly UHV chamber components, and is pumped by a cryogenic pump. It can
achieve a background pressure of 3x10 -8 Torr. To generate a plasma, 3 sccm of argon is
flowed through the plasma chamber. About 400W of 2.45 GHz microwave energy is intro-
duced into the chamber via a waveguide connected to a magnetron microwave generator.
Tuning of the waveguide is performed to minimize reflections and to ensure that all of the
power is delivered into the plasma. Then the currents in the two electrostatic magnets
around the plasma chamber are tuned to establish electron-cyclotron resonance inside the
plasma chamber. The ion beam is established with a DC high voltage source and two
grids. The ion beam voltage used was always 500 V. With proper tuning, a beam current
density of 40 gA/cm 2 was obtained, as measured by a Faraday cup. The beam was neutral-
ized by a hollow cathode neutralizer. Chlorine was introduced to the system via a perfo-
rated stainless steel ring, which was about 3cm away from the sample. The sample was
clipped to a heated stainless steel flat.
Figure 3.2: Optimal chlorine ECR IBAE etch of InGaP (500 V, 40 tA/cm 2, 175 0C, 9
seem C12 ).
Keeping the ion beam parameters as stated above the same (beam voltage 500 V and
beam current 40 gA/cm2), the temperature and chlorine flow were changed to obtain a
good etch profile in In0.4 9Ga0.5 1P, masked by SiO x patterned by wet etching. Up to 150 0C,
the etch was very rough, and the profiles were not straight. At low chlorine flows and
higher temperatures, the profile was not straight, but rather followed a crystallographic
plane. For example, in Figure 3.1, a slanting profile resulting from a low chlorine flow is
shown. An etch with an optimized temperature, 175 0 C, and chlorine flow, 9 sccm, is
shown in Figure 3.2. At these parameters, the roughness almost disappears, and the walls
became straight, even to the point that micromasked (unintentional specks of residue act-
ing as an etch mask) columns of less than 0.3 Rm in diameter, and about 4 gm in height
appeared straight. Then an InGaP/GaAs heterostructure, consisting of 0.7 gm of InGaP,
0.6 gm of GaAs, 0.7 gm of InGaP, and 0.2 gm of GaAs grown in that order on a GaAs
substrate, was etched at 175 0C. An SEM micrograph of the etch profile is shown in Figure
3.3. The masking material is mostly sputtered away in this sample, and some deterioration
of the top GaAs has occurred. However, in the profile of the top layer of the heterostruc-
ture, it is visible that the InGaP etch is very straight and anisotropic. Gallium arsenide, on
the other hand, has a very strong spontaneous isotropic etching component. Even at a
much lower chlorine flow, there is considerable spontaneous etching of GaAs, as can be
seen in Figure 3.1. Thus chlorine IBAE does not seem to be the right choice for facet etch-
ing in InGaP/GaAs lasers.
The reason for chlorine being a poor choice can be understood by looking at the vapor
pressures of the reaction products on indium, gallium, arsenic, and phosphorus with chlo-
rine. Since the chlorine flow rate and the ion beam current and voltage are high, the reac-
tion rate is limited by the desorption rate of the reactant products, which is proportional to
the vapor pressure of the compound. As can be seen from Figure 3.4a, the vapor pressures
of indium chlorides (compared at the same temperature) are much lower than those of the
chlorides of the other three elements. (In fact comparison of only the chlorides of the fam-
ily III elements is sufficient, since the vapor pressures of family V chlorides are high.)
Thus, higher temperatures are need to increase the vapor pressure, and thus the desorption,
of the indium chlorides in order to establish proper etching conditions for InGaP. At these
temperatures, however, the vapor pressure of gallium chlorides is so high that the reaction
is not limited by desorption, and the chlorine spontaneous etching rate, also high at these
temperatures, creates the lateral etching. One thing to notice, however, is that the ion beam
assisted etch rate is still at least more than an order of magnitude higher that the spontane-
ous rate, and thus this etch can be useful for applications without critical features and wall
profiles, such as polycrystalline material stripping step in the E-o-E process (Section 2.4).
Figure 3.3: InGaP/GaAs heterostructure etched in a chlorine IBAE system at 175 0 C.
Upon examination of vapor pressure data for the bromides of indium, gallium, arsenic,
and phosphorus, Figure 3.4b, it was discovered that they are much closer than those for the
chlorides. This is especially so for the vapor pressure of InBr 3, which is the dominant by-
product, and gallium bromides. For this reason, bromine based etching was chosen. Inci-
dentally, as seen in Figure 3.4c, the vapor pressures of the iodides for gallium and indium
are even farther apart than for chlorine, and bromine. Among the few options of simple
bromine containing substances, pure bromine was chosen. Hydrogen bromide was not as
attractive because of the poor hydrogen pumping ability of cryogenic pumps. The other
choice, BrI3, was hard to obtain, and is not stable at room temperature. Bromine, however,
is a liquid, and is readily available in electronic grade purity at most suppliers. Thus, even
though no reports of this technique was reported in the literature, IBAE etching of III-V
semiconductors with bromine was investigated.
3.4 Kaufman Source Ion Beam Assisted Etching System
For the reasons described in Section 3.3, a bromine ion beam assisted etching system was
chosen for the development of InGaP/GaAs laser facet etching. Bromine could not be
added to the ECR IBAE system that proved successful for chlorine etching of AlGaAs/
GaAs lasers, due to fear of contamination. Therefore, another system was assembled, ded-
icated for bromine etching. In this section, this system will be described in detail. Princi-
ples of operation of such a system will also be described. Finally, inconsistencies in the
mode of operation will be mentioned. Suggestions for possible improvements on the sys-
tem to reduce the inconsistencies will be outlined in Section 5.3. The current standard
operating procedures and maintenance routines developed for this system are detailed in
Appendix B.
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The whole system is shown in schematic form in Figure 3.5. The system chamber con-
sists of standard Ultra High Vacuum (UHV) components made of welded stainless steel.
Most of the ports to the chamber are sealed with copper gaskets and knife edged flanges.
Most of the gas lines are made of stainless steel and are joined with VCR gaskets. How-
ever, some of the ports are sealed with Viton o-rings, and the argon gas line input is plas-
tic, joined with a Swagelock connector, both of which are incompatible with UHV
practice. The system is pumped by a cryogenic pump. The exhaust of the pump is fitted
with a o-ring pop-out valve, which is also inconsistent with UHV practice. The chamber is
equipped with coil shaped cold trap through which liquid nitrogen can flow to further
enhance the pumping, but it was not used. The chamber background pressure before intro-
duction of bromine was 1.4x10-8 Torr. After introduction of bromine to the system, pres-
sures of 3-4x10 -8 Torr have been achieved consistently for almost a year.
Figure 3.5: Kaufman gun ion-beam assisted etching (IBAE) system schematic.
The main part of the chamber is in the form of a cylinder. At one end of the cylinder is
the gun assembly. At the other end is a flange with a 3" diameter tube, which acts as a
loadlock. The flange is blocked off by a gate valve. Inside the tube grooves are cut, and
square o-rings are fitted within the groves. A substrate holder is attached to a anodized alu-
minum rod, which forms a vacuum seal with the square o-rings when inserted inside the
tube. After the insertion, the volume of the tube is pumped out by a mechanical pump.
Then the gate valve is opened and the tube is pushed further inside the chamber, until
another o-ring, fitted on the lip on the rod, is pressed against another lip inside the cham-
ber, thus forming a vacuum seal. Even with the loading mechanism in, the chamber can
pump down to 3-4x10 -8 Torr. Just in front of the sample holder there is a shutter, which
blocks it from the ion beam and the direct gas flow. Finally, the sample holder is fitted with
a heater and two thermocouples, which are not on the vacuum side.
For this system, three different etchant gas channels are available. Each gas is intro-
duced by two nozzles on two sides of the sample holder. Only bromine has been used on
this machine. Since bromine is liquid at room temperature, it is stored in a glass bottle.
The bottle is fitted with a stopper and a glass tube, which in turn is connected to stainless
steel tubing. When the stopper of the bottle is open, the flow of the bromine is controlled
by a leak valve, with a numeric dial. A mass flow controller was not used because it was
expected that it would become clogged. The bromine reservoir, as well as the tubing it is
connected to, are fitted with heaters, since bromine is liquid. However, the heaters were
not used, since the flow was always more than sufficient without them, and no clogging of
the lines was observed.
For a specific setting, the leak valve did not produce reproducible flows, so the flow
has to be monitored before the run commences in order to obtain consistent flows from run
to run. This is accomplished by putting another nozzle in front of one of the bromine out-
lets, so that it captures most of its flow. This nozzle was connected to an absolute pressure
transducer (Baratron), in which a change in capacitance of a membrane due to its flexion
resulting from a pressure change gives a relative indication of the flow. This approach
allows us to make an indirect measurement of the bromine flow. During the etching, how-
ever, the Baratron nozzle is moved back from the gas outlets. Because there is no feedback
control over the flow, it is checked a few times during an etch. This method of flow mea-
surement produces inconsistencies, stemming primarily from the inconsistency of align-
ment of the bromine outlet and the Baratron inlet nozzles. Even with careful alignment 5%
error can occur just from differences in alignment.
The ion beam source [50] is on the other side of the main part of the chamber from the
sample, about 0.5 meters away. It consists of the plasma chamber, the extraction grids, and
the neutralizer. In the plasma chamber, an inlet of argon is situated next to a 0.25 mm tung-
sten filament. An AC current is applied to the filament heating it. A DC discharge voltage
is applied between the anode in the chamber and the filament, which acts as the cathode.
The chamber walls themselves are left electrically floating. This voltage discharges elec-
trons from the heated filament. The electrons discharged from the cathode filament are
highly energetic, and can ionize the argon atoms in the chamber upon collision, creating
positive ions and low-energy electrons, which constitute the plasma. The plasma is con-
ductive, so there are very minor potential variations across it, and it is very close to the
anode potential. The pressure in the chamber is fairly low, usually in the 10-4 Torr range,
and the discharged electrons are so energetic, that most reach the chamber walls and the
anode without colliding with the neutral atoms. In order to increase the effective path
length of the electrons, a magnetic field is introduced by a permanent magnet, which pre-
vents high velocity electrons from moving in a straight line. The low-energy electrons are
not greatly affected by the magnetic field, and their diffusion to the anode completes the
cathode-anode current.
An ability to get a denser plasma is usually desirable. In order to achieve higher ion
concentration, two things can be done: increasing the number of atoms in the chamber and
increasing the number of high-energy electrons emitted from the filament. Thus increasing
the flow or the pressure (a more fundamental parameter) increases the number of ions
available. Eventually, the ion concentration saturates, and an optimal pressure occurs just
before this saturation. In the present system, for all of the experiments, a 3 sccm flow of
argon was used. This corresponded to 2.3x10 -4 Torr in the main chamber, with a slightly
higher value possible for the plasma chamber due to the proximity of the gas inlet. This is
consistent with the 10-4-10 -3 Torr range usually quoted in the literature. The ions gener-
ated in the plasma chamber are not just argon ions. Since the pressure is very low, there is
very little probability that the etchant gas molecules collide with the argon molecules and
ions when the etchant ions diffuse from the main chamber. Thus there is always some con-
centration of bromine ions in the plasma, and different combinations of low and high-
energy, neutral and charged, diatomic and monoatomic bromine molecules reach the sam-
ple.
The most effective way to increase the number of electrons emitted from the cathode
filament is to increase the heating current. Increasing the discharge voltage will also
increase the emission. A limit to increasing the cathode current is the possibility of burn-
ing it out. Furthermore, a space charge layer of electrons can accumulate around the fila-
ment, preventing more electrons from escaping. This limit can be postponed, by
increasing the discharge voltage and the chamber pressure. There is a danger in increasing
the discharge voltage and the filament emission too much. As the discharge voltage
between the cathode and the anode is increased, the electrons become more energetic. An
electron can acquire enough energy to doubly ionize an atom. Double ionization can occur
also by consecutive collisions of an atom with two electrons, which become more proba-
ble with higher cathode emissions. Doubly ionized ions will have twice as much energy of
impact on the sample, causing extra damage, without providing extra assistance to the
etch. Additionally, they give a false reading of the ion emission rate, since it no longer has
the same proportionality to the ion beam current.
The positive ions in the plasma chamber are extracted by applying a DC voltage,
called the beam voltage, between the anode (which is very close to the plasma potential)
and ground. The system body and the sample are at ground, and the ions are accelerated
towards it. Thus, the beam voltage directly determines the ion energy and to some degree
determines the number of ions extracted. For the present system, the maximum beam volt-
age is 1500 V, but voltages between 500 - 1000 V were used in this study, with 500V and
600 V being the most common. Like any plasma, the ions extracted have a fairly constant
potential due to the mobility of the charged particles. And as with any plasma, the elec-
trons that escape with it are much faster than the ions, and as a result a space charge is
formed around the sample, so that the plasma is at a slightly more positive potential than
ground. As the ions travel towards the sample, some of them exchange charge with low
energy neutral atoms. In this way, high energy neutral particles are created, which could
further generate misleading ion beam current readings. For this reason, the minimum
acceptable pressure in the chamber should be used to minimize this effect.
Two closely spaced carbon grids, placed such that the holes are aligned, are responsi-
ble for collimating the ions extracted from the plasma into a beam. The first grid is electri-
cally floating, and therefore is close to the anode and plasma potentials. The second grid,
called the accelerator grid, is biased negative in respect to ground by an accelerator volt-
age supply, so that the ions inside see an accelerating potential, Vt, which is the sum of the
accelerator and the beam voltages. Therefore, the extraction of the ions from the chamber
is related to this sum of voltages, and not only on the beam voltage. In fact the ion beam
current is proportional to the Vt3/2. The beam energy, however, remains being determined
by the beam voltage, since the ions after going through the grid deccelerate back to the
beam voltage potential. Perhaps even more important than the enhanced ion extraction, the
accelerator voltage provides a barrier for the electrons created by the neutralizer, keeping
them from entering the plasma chamber. The accelerator voltage is usually chosen to be
about 10-20% of the ion beam voltage, but in present work the accelerator voltage was
held constant at 60 V, regardless of the beam voltage used. Excessive accelerator voltage
will result in ion bombardment of the accelerator grid. This ion bombardment can be mon-
itored by the current flow increase through the accelerator voltage supply, and should be
avoided.
In addition to the effect of the grids, the divergence of the beam is also determined by
the electrostatic repulsion of the ions in the beam. Thus, the denser the beam, the more the
ions repel each other, and the more the spreading. This is particularly important when the
ion energy is not large. In order to eliminate this cause of beam spreading, neutralization is
necessary. In our system, neutralization is done by electron emission from a heated tung-
sten filament. The emitted electrons are very mobile, and spread themselves along the
beam. Most of them do not recombine with the ions, however.
The beam current density is an important etching parameter, and it is important to be
able to measure it accurately. There are two ways to get information about the beam cur-
rent. One is to measure the current flowing through the beam voltage supply. Then, by
estimating the area of the beam, the density can be calculated. Another method for mea-
suring the beam current is by having a shielded probe in the path of the beam, with a
known size aperture. The charge arriving at the probe surface generates a current under
closed circuit conditions, which can be measured. Since the area of the aperture is known,
the current density can be obtained. Both of these methods have inherent inaccuracies in
terms of estimating the rate of energetic particle arrival at the sample due to beam nonuni-
formity and doubly ionized ions. The probe method is also affected by the charge
exchange phenomena, where energetic uncharged particles bombarding the surface are not
measured. In our case, both methods were used to monitor the beam current density. The
current measurement and display was included in the beam voltage power supply. A Fara-
day cup was used as the current probe, and was attached behind the sample shutter, with 1
cm 2 aperture opened in the shutter.
With the equipment and some of its physics described above, the method of the opera-
tion will be summarized. An etching run starts with the sample loaded in the chamber and
the chamber pumped to mid 10-8 Torr range. A shutter is in place between the sample, and
the soon to be established ion beam and bromine flow. First the argon flow is established.
It is always 3 sccm, which produces 2.3x10 -4 Torr in the main chamber. First, the plasma
is established by supplying the discharge voltage between the cathode and anode, and sup-
plying a heating current to the cathode filament. By applying the beam voltage between
the anode and ground, and the accelerator voltage between the accelerator grid and
ground, the ions in the plasma are extracted into a beam. A heating current is applied to
the neutralizer filament, and the emitted electrons neutralize the beam. The beam current
density is measured by the Faraday cup on the shutter. All the supplies are on the same
Iontech power supply panel. There is a possibility of controlling the beam parameters
automatically, but manual operation is generally used. Discharge and accelerator voltages
are always kept constant at 60 V. Beam voltage is selected according to the run. The cath-
ode filament current is then tuned to obtained the maximum reading of current density, as
measured by the Faraday cup. The current through the beam voltage supply for this maxi-
mum is noted, and is kept constant during the etch, when the shutter is open, and the Fara-
day cup is outside the beam. The neutralizer current is turned up until the current reading
through the Faraday cup is almost zero. By this time, the sample temperature is stable. At
this point, a two minute ion beam clean is performed to remove any residue on the surface.
After the clean, the shutter is closed again, and bromine flow is established. When bro-
mine is flowing, the emission efficiency of the neutralizer filament is drastically reduced,
and therefore the neutralizer current is increased at this point. Finally, the etch can com-
mence by opening the shutter. During the etch, the bromine flow, the sample temperature,
and the current through the beam voltage supply are monitored, and kept constant.
3.5 GaAs and InP Etching Study
As mentioned earlier in this chapter, dry etching is very complicated, with many different
processes and parameters, all interdependent. It is very difficult to obtain a complete quan-
titative model for an etch, as it is difficult to make accurate measurements of physical
parameters for such a model. Thus, most of dry etching fabrication steps are developed
and optimized empirically. In the present case, since no other reports of bromine IBAE
etching were published, it is even more important to thoroughly characterize the system.
To accomplish this, a study of the etch rates and sidewall profiles in GaAs and InP as a
function of temperature, ion beam current density, and bromine flow was carried out.
Binary compounds are simpler to analyze with a qualitative model, more consistent in
quality, less expensive, and readily available. For the laser facet etch optimization, the
same study should also be carried out on InGaP, but this was not possible due to material
unavailability. Consequently, the trends noted for InP are assumed to be similar for InGaP,
though the exact numbers are expected to vary significantly.
The first set of studies was done to determine the etch rate dependence on the substrate
temperature. This was done with an ion beam energy of 500 V, ion beam current density of
40 gA/cm2 , and relative bromine pressure of 5.5 mTorr. The temperature was varied from
200 C to 2000C. These etch rates were compared with the spontaneous etch rates without
the ion beam. The results are shown in Figure 3.6. The spontaneous etch rate curve seems
to resemble an Arrhenius equation, with the activation energy not varying more than a fac-
tor of two over the whole temperature range. The activation energy variation could be due
to the etch rate being dependent on factors other than reaction rates, such as reactant diffu-
sion. A more likely explanation would be the error in the etch depth measurement. Of
course, the etch rate for both materials does not depend on a single chemical reaction, but
rather on several. Throughout the whole temperature range, the GaAs spontaneous etch
rate is higher than that of InP.
The ion beam assisted etch rate dependence on temperature does not follow a simple
relation. There are regions in the curves for both GaAs and InP, where an increase in the
temperature increases the rate, and there are saturation regions where the temperature has
less of an effect. The saturation regions indicate that at some temperatures, the etch rate is
not as dependent on the reaction rate, or even reaction product volatility, but rather on the
ion current density and bromine concentration. The InP curve has the even more interest-
ing feature of a sudden increase of the etch rate between 150 0 C and 180 0 C, indicating a
change in the dominant reaction. At this point, the InP etch rate surpasses that of GaAs.
This is promising for our purpose, since etch conditions where both InGaP and GaAs have
equal rates is ideal. However, for these temperatures, the spontaneous etch rates are sub-
stantial enough to make this operating point not useful for the purpose of facet etching. In
addition to ion beam assisted and pure chemical etch rates, the sputtering rates, with just
the ion beam without bromine, were obtained. The sputtering rates are 6 nm/min and 3
nm/min for GaAs and InP, respectively. These rates were approximately the same at both
200 C and 2000 C, as expected. It is worthwhile to note the classic characteristic of kineti-
cally assisted etching, where the sum of the sputtering and chemical rates is much smaller
than the ion assisted etch rates.
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Figure 3.6: Etch rate dependence on temperature in the Br 2 IBAE system with 500 V, 40
tA/cm 2 ion beam and 5.5 mTorr Br 2 pressure for a) GaAs with ion beam, b) InP with ion
beam, c) GaAs without beam, and d) InP without beam.
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Figure 3.7: Etch rate dependence on ion beam current density in the Br 2 IBAE system
with 800 V ion beam and 5.5 mTorr Br 2 pressure for a) GaAs at 150 0C, b) GaAs at 80 0C,
c) InP at 150 0C, and d) GaAs at 80 0 C.
The etch rate data as a function of ion beam current density is shown in Figure 3.7 for
two substrate temperatures, 80 0C and 150 0C. The ion beam energy here is increased to
800 V to obtain a greater range of current densities, and the bromine pressure is kept con-
stant at 5.5 mTorr. The current density is varied between 30 gA/cm 2 and 112 gA/cm 2. In
all of the cases, the etch rate monotonically increases with the current density. However,
except for high temperature InP, there is a relatively weak dependence on the beam den-
sity, where quadrupling the current density only doubles the etch rate. At 150 0 C, InP etch
^ ^ ^
rate increases sharply with the beam current. Perhaps, this could be due to the combined
effect of the more efficient sputtering of the indium bromides and the enhancement of the
InP etch rate around that temperature seen in Figure 3.6b.
The results of the bromine pressure on the etch rates are shown in Figure 3.8. For this
study the substrate temperature was kept at 150 0C, and the beam parameters at 800 V and
60 iA/cm 2. The etch rate is not effected significantly by the bromine pressure, and qua-
drupling the pressure only doubles the etch rate. The increase, however, implies that the
etching done for the temperature and current density studies was probably somewhat bro-
mine deficient. Bromine deficiency might be an explanation for the etch rate saturation
effects as a function of temperature and beam density, seen in Figures 3.6a, 3.7a, and 3.7d,
since then the etch rates would depend more on the bromine supply. No hypothesis exists
for the decrease in the etch rate at higher bromine pressure. There is a possibility that the
high bromine concentration affects the emissivity of the filaments in the ion beam source,
reducing the ion beam current density. This decrease would not be noticed by the operator
since the density is measured only before introduction of bromine into the system. The
fact that the InP etch rate drops much faster than for GaAs would support this hypothesis,
since at this temperature, InP is much more sensitive to the beam current density than
GaAs, as can be seen in Figures 3.7a and 3.7c.
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Figure 3.8: Etch rate dependence on bromine pressure in the Br 2 IBAE system with 800
V, 60 gA/cm 2 ion beam and 150 0C substrate temperature for a) GaAs and b) InP.
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Figure 3.9: Sidewall profiles of GaAs etched in the Br 2 IBAE system with 500 V, 40 tA/
cm2 ion beam and 5.5 mTorr Br 2 pressure at different temperatures.
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Figure 3.10: Sidewall profiles of InP etched in the Br 2 IBAE system with 500 V, 40 gA/
cm 2 ion beam and 5.5 mTorr Br 2 pressure at different temperatures.
b) 800C
Even more important for our purpose than the etch rate dependence on the etch param-
eters, are the sidewall profiles. The etch profiles at temperatures between 20 0C and 2000C
are shown in Figure 3.9 for GaAs, and in Figure 3.10 for InP. The ion beam and bromine
flow parameters were kept constant for all of the samples. Though at room temperature,
the GaAs profile is slightly slanted, by 500C, the walls are straight. Hardly noticeable
undercutting begins somewhere between 1000C and 1200 C. More noticeable undercutting
starts to occur just under 135 0C. Thus a substantial temperature window (i.e. 50-1200C)
exists for purely vertical etching of GaAs. Even for the 2000C etch, the spontaneous etch
component is not severe, as compared to the 175 0C chlorine IBAE case in Figure 3.3.
However, as indicated on the plot of Figure 3.6a, the etch rate does not increase past
135 0 C for these beam and bromine flow conditions. Thus, an optimal etch in terms of the
sidewall profile and etch rate is possible somewhere between 1000 C and 135 0C.
For InP the sidewall profile is slanted until somewhere between 135 0 C and 150 0C.
Soon after that range, noticeable undercutting begins. Thus the optimal etch temperature
window is much smaller than for GaAs. Just as for GaAs, however, the undercutting is not
severe, since the spontaneous etch rate is at least an order of magnitude smaller than the
ion beam assistant etch rate, as can be seen in Figure 3.6. Thus, this etch can be used for
purposes where sidewall profile and pattern reproduction requirements are slightly
reduced.
3.6 Heterojunction Etching Study
A full empirical etch study, as the one done for GaAs and InP, could not be done with
InGaP or with more complicated heteroepitaxial layers due to the limited material avail-
ability. Nevertheless, etch optimization was done on heterostructures. First, a structure
with just InGaP grown on top of GaAs substrate was used. The layer was originally grown
for doping and lattice matching calibration, and consisted of 2 gm thick p-type InGaP.
Examining the results of the GaAs/InP etch study, it was decided that temperature is the
most critical parameter, so a few etches were done, where the temperature was changed,
but the other parameters were held constant. It was decided that an increase in the beam
current density would improve the etching, and 60 gA/cm 2 was chosen. To minimize dam-
age and the ion ricochet effect, the beam energy was kept to the minimum, so 600 V was
chosen, which is just enough to obtain 60 gA/cm 2. Finally, the bromine pressure was
increased slightly to 6.0 mTorr. Further increase was not thought necessary since the tem-
peratures would be lower than the 150 0 C used to obtain the data in Figure 3.8. Further-
more, an increase in the bromine concentration was thought to increase GaAs spontaneous
etch rate and to reduce filament performance and life. An example of some of the InGaP
etch profiles is shown in Figure 3.11. It can be seen that for 800 C, Figure 3.11 a, and 900 C,
Figure 3.1 lb, etches, InGaP has a tilted wall profile, while GaAs underneath has vertical
walls. However, for 1000 C etch, Figure 3.1 1c, both InGaP and GaAs walls are straight.
Slight GaAs undercutting is visible. The bromine and ion beam currents were changed
slightly for some of these runs, so that all of the etches done in Figure 3.1 lwere done at
5.5 mTorr bromine pressure, and the current density in the etch of Figure 3.1 Ic was about
70 gtA/cm 2.
After the InGaP etching, multilayer InGaP/GaAs heterostructure etch optimization
was done. Two types of heterostructures were used. Both are double heterostructures with
an active layer sandwiched between p-type InGaP on top, and n-type InGaP on the bottom.
The first, MIT R424, grown as an LED structure, has 0.6 gm thick GaAs core, with 0.7
gm InGaP layers. The second, LL OM661, has a quaternary InGaAsP layer active layer,
0.4 gm thick, and 1.3 gm top InGaP thickness, and 1.5 jm lower InGaP thickness. This
structure also has a thin InGaAs quantum well in the middle of the active layer. Both struc-
tures have a GaAs cap layer, 0.2 gm thick for the former, and 0.4 gm for the latter. The
sidewall profiles are shown in Figure 3.12a for the GaAs core material etched at 900 C, and
in Figure 3.12b for the InGaAsP core material etched at 115 0 C.
a) 800C
b) 900C
Figure 3.11: Sidewall profiles of InGaP on GaAs substrate etched in Br 2 IBAE system at
a) 800C, b) 90 0C, and c) 100 0C.
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Figure 3.12: Optimized InGaP/GaAs multilayer heterostructure etch for a) an LED sam-
ple with GaAs core, and b) a laser sample with InGaAsP core.
Slight undercutting is visible in the GaAs core layer in Figure 3.12a, but the InGaP
sidewalls are straight. The etch temperature of the quaternary material is somewhat higher,
since all of the structure contains indium. However, the quaternary spontaneous etch rate
is larger than that of InGaP, and at higher temperature, undercutting in the core is visible.
With the quaternary core material, steps for IPSEL deflector fabrications were also devel-
oped. The sample was mounted on a 450 slanted chuck to obtain the 450 deflector. Photo-
resist, which has sloped sidewall profile was used for the mask, since it more closely
approximates a vertical profile when the mask is tilted. An example of the 450 etch is
shown in Figure 3.13. The etch was performed at 1 100C, with a 600 V, 60 gA/cm 2 beam
and 6.0 mTorr of Br 2 pressure.
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Figure 3.13: Profile of LL OM661 material etched in the Br 2 IBAE system on a 450 tilted
stage at 1 100C, 600 V, 60 gA/cm2 , and 6.0 mTorr of Br 2, with a photoresist mask.
3.7 Etch Mask Development
After the proper etching equipment, chemistry, and parameters, the etch mask material and
patterning is the most important issue for obtaining smooth straight facets. The type of
etch system, chemistry, and parameters used, however, determine the type of masking
material and its thickness that are necessary. The material that is being etched also puts
constraints on the masking material. Finally, the methods available for patterning the
masking materials are also important in deciding on the proper choice. In this section, the
different requirements for the etch mask material will be described. Next, the competing
materials will be compared. Finally, the best etch masks used in this project will be dis-
cussed. Future directions for improvement will also be mentioned.
An ideal mask is a mask that is not affected by the etch. It should also be very easy to
pattern without affecting the sample material underneath. The quality of patterning of the
mask material should not depend on the sidewall profile of the photoresist used. Finally, it
should be easy to strip the mask without affecting the sample. If a mask does not get
affected by the etch, then the sidewall profile of the etch mask is not important. In the case
where the sidewall of the mask is not vertical, the farthest part of the mask's edge defines
the etch pattern. The patterning process has to be developed to make this edge as straight
as possible. A problem can arise if the farthest mask edge alternates between the top and
bottom edges. Also, if there is any spontaneous etching of the sample and the mask profile
is undercut, then the mask edge acts as the mask for the kinetically assisted etching, and
the inside etch acts as the mask for the unassisted etch. However, for a mask that is not
affected by the etch, the mask can be made so thin, that the relative position of its edges is
made irrelevant.
If the mask does get affected by the etch, however, then the profile of the wall becomes
important. One way its importance is manifested is through the transfer of the mask edge
slope into the etched sidewall profile of the sample. The transfer is not complete. If the
etch is purely anisotropic, then the slope in the semiconductor is equal to the slope of the
etch mask multiplied by the etch rate ratio of the semiconductor and the etch mask materi-
als. Therefore, even if the mask material does etch in the system, the slower it does so, the
better the verticality of the etch sidewalls in the semiconductor will be. If the profile is
more complex, where there are two or more slopes in the mask at a single horizontal loca-
tion (as in a concave or convex edge case), then these slopes add up to give an equivalent
one.
Examples of the effects of the mask profile on the sidewall profile of the etched sample
are shown in Figure 3.14. For all of these examples, it is assumed that the substrate etches
four times faster than the mask material. In Figure 3.14a, a mask profile of slope m=l is
transferred into the substrate, which ends up with sidewalls of slope m=4. The bottom of
the sidewall corresponds to the original edge of the mask. The top is under the edge of the
post-etch mask. Correspondingly, if the slope of the mask is larger, then the substrate slope
will be larger, as in Figure 3.14b, where the mask slope is m=2, and that of the substrate is
m=8. If the mask has a negative slope, the situation is, in theory, exactly the same. Thus
the resulting profile of the substrate is the same if the mask has m= (Figure 3.14a) or m=-
1 (Figure 3.14c). Again, in the negative slope case, the bottom of the substrate sidewall is
defined by the original mask edge, and the top, by the final outermost mask edge. In the
case where both positive and negative slopes exist in the mask, as in Figure 3.14d, these
two slopes effectively add up. Thus, the resultant profile for a mask with a "dovetail" pro-
file with slopes 1 and -1 (Figure 3.14d) has the same substrate profile as in the case of m=2
slope mask of Figure 3.14b. This "concave" mask profile occurs when the mask is etched
with a diffusion limited etch. The situation is the same in the case of a "convex", rather
than "concave", mask profile.
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Figure 3.14: Effect of different mask profiles on the profile of the etched substrate.
Transformation of the mask profile for more complicated profiles is shown in Figure
3.14e and Figure 3.14f. The mask profile similar to the one in Figure 3.14e occurs in some
patterned photoresist, where the resist forms "dew drop" type of profile. The profile in
Figure 3.14f occurs for dry etched features, which have been underetched. It should be
reiterated here that the etch rate ratio of the mask to the substrate can be just as important
as the sidewall profile, and for some mask materials that do not etch very fast, the slanted
sidewall can be tolerated.
All of the descriptions of the etch profiles explained above assume totally anisotropic
kinetically assisted etching. If there is some spontaneous etching, then undercutting under
the mask edge will be visible. This effect is more pronounced in cases where the mask has
a negative slope. Furthermore, an unassisted etch component can have a crystallographic
plane preference. Thus, underneath the undercut mask the etch can assume slopes consis-
tent with crystallographic planes. Sometimes these are not single slope profiles, but more
complicated multiplane profiles.
If mask materials that etch during the substrate etch are used, then it is necessary to
make them thick and straight. The mask etching in the case of bromine IBAE is not chem-
ical, but is purely mechanical. The ion energy and density was large enough during the
etches to produce sufficient sputtering rates for most materials. Thus, choosing a material
which can be patterned vertically is important. Three different masking materials have
been used for the IBAE etching. The most obvious one is photoresist. It can be deposited
in a thick layer. Since patterning any other material requires photoresist patterning, using
photoresist directly reduces the number of processing steps. Furthermore, photoresist is
very easy to remove without degrading or contaminating the sample surface. However, it
is not stable at higher temperatures, which are sometimes necessary for InGaP etching. It
is also very difficult to pattern vertically in a contact aligner. (See Section 4.3, for exam-
ple.) Another polymer film, ARC XL20, was also investigated. This polymer has a much
100
higher temperature stability (up to 190 0C), and etches in photoresist developer. However,
it cannot be deposited thicker than 200 nm, which limits its use to short etches only.
Using metal is another option. Metals have similar or smaller sputtering rates than
photoresists and dielectrics. Many research groups use metals as dry etch mask materials.
Some of the metals, however, are easily attacked by bromine. Aluminum and titanium are
two such commonly used metals, which react chemically with bromine. This fact was con-
firmed in the bromine IBAE. Since the sputtering rate of the metals is appreciable, pattern-
ing them with vertical sidewalls is desirable. Metals can be patterned with wet etching, dry
etching and lift-off. Wet etching produces sloped sidewall profiles characteristic of isotro-
pic etches. Lift-off also produces sloped profiles. For example, the profile of a 400 nm
thick titanium film patterned by lift-off is shown in Figure 3.15. Dry etching metal, espe-
cially without damaging the semiconductor underneath, is difficult. Titanium, which dry
etches in fluorocarbon plasmas, is the only choice known. (Commonly used aluminum
etches are chlorine based, which attack compound semiconductors.) Finally, to strip many
metals, acids which react with semiconductors have to be used. However, in many of our
etches, where the sidewall profile was not as important, we used nickel as masking mate-
rial. Nickel has a lower sputtering rate than photoresist and silicone dioxide, and does not
react with bromine. It also can be etched with a sulfuric acid based etch without attacking
the semiconductors. (The etchant was a commercial product of Transene Co., and was ver-
ified in our laboratory not to noticeably react with GaAs and InP.) Thus Ni can be pat-
terned and stripped easily. The lift off technique was also used to pattern the nickel.
Figure 3.15: Metal (Ti, 400 nm) profile after lift-off patterning.
The mask material that has been used the most in this work was silicon oxide. It is eas-
ily patterned by wet hydrofluoric acid etching or dry etching using a fluorocarbon plasma.
It can also be quickly stripped in HF solution, without damaging the underlying semicon-
ductors. When sidewall profiles were not as critical, wet etched patterning was used. To
obtain straight wall profiles the oxide films were dry etched. Both of the RIE systems
available etched photoresist at least as fast as the dielectric. Addition of oxygen to the
freon gases, which is necessary to remove fluorocarbon polymer deposits, was part of the
cause. However, etching in pure CF 4 also produced 1:1 photoresist to silicon oxide etch
rate ratios, perhaps due to reduced oxide etch rate. This etch and CHF3/0 2(5%) were the
best in terms of reducing photoresist etch rates, but nevertheless produced equal etch rate
ratios. As discussed above, in the case were an etch mask etches at the same rate as the
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material, the profile of the mask is reproduced. This is effect is demonstrated in Figure
3.16, where the profile of silicon oxide, patterned in CHF 3/0 2(5%) RIE with resist mask,
is shown.
Figure 3.16: Profile of a 400 nm thick silicon oxide film patterned in CHF 3/O2(5%) RIE
with a photoresist mask.
The solution to obtaining a patterned silicon oxide etch mask with vertical sidewalls
was to use a metal mask during the oxide RIE etch. In particular, nickel was used because
it is not attacked in the freon RIE, and is easily stripped without damaging the semicon-
ductor. A thin 60 nm Ni layer was used. Either wet etching or lift-off was used to pattern
the nickel. Using nickel improved the oxide sidewall profile. However, the oxide dry etch
had to be optimized to reduce the isotropic etch component. The full procedure of the
mask definition is detailed in Appendix A. An example of the oxide mask profile is shown
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in Figure 3.17. This figure shows a semiconductor etch profile with the oxide mask intact.
The dark top layer of the ridge is the oxide, which has vertical profile. This method of
oxide patterning described above was developed due to suboptimal RIE and photolithog-
raphy capabilities. However, if straight wall resist profiles or a more selective RIE process
are developed, these would be preferred due to fewer processing steps.
Figure 3.17: Vertical profile silicon oxide mask (dark layer) on top of an etched semicon-
ductor ridge.
In addition to silicon oxide, the use of other dielectrics as etch masks was investigated.
Figures of merit for an etch mask material is its resistance to the bromine IBAE etch, its
patternability in an RIE system (straight wall profile), and ease of stripping. Since both sil-
icon nitride and titanium oxide can be stripped in HF (though not as quickly as SiOx) and
can be patterned in the freon RIE, the etch rates of these materials in the IBAE were com-
pared to those of silicon oxide. It should be mentioned, before the results are reported, that
the sputtering rate of these materials depends on the quality of the deposited dielectric, as
well as the type of material. Thus the results could vary if a higher quality films can be
deposited. Both silicon oxide and silicon nitride in this study were deposited in a PECVD
system with the sample heated to 3500C. Titanium oxide was deposited in a e-beam evap-
oration system with a background oxygen concentration. The silicon nitride deposited in
this manner etched 1.5 times as fast as the oxide, though its refractive index was measured
by an ellipsometer to be 1.96 (indicating reasonable quality). This is contradictory to other
reports that it should be more resistant to ion bombardment than the oxide. Titanium
oxide, however, performed much better, with silicon oxide etching twice as fast as tita-
nium oxide. Furthermore, consistent with other reports [83], dry etching of TiOx in CF4
RIE system was demonstrated in our laboratory with an etch rate of 8 nm/min. Thus, in the
future, it is anticipated that this material will be used for masking, instead of silicon diox-
ide.
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Chapter 4
Etched Facet Lasers
4.1 IPSEL Structures
As outlined in Chapter 1, the main thrust of this thesis is to develop the technology neces-
sary for integrated In-Plane Surface Emitting Laser (IPSEL) VLSI circuits. In addition to
the further development of the E-o-E technology described in Chapter 2, the dry etching
for the mirrors and deflectors of IPSELs was investigated. This effort was described in
Chapter 3. In this Chapter, application of the etching developments to etched facet lasers is
described and the laser results are reported. Before proceeding to the etched facet lasers,
however, the possible IPSEL structures themselves will be examined to understand the
types and constraints of processes required for their fabrication.
For the most part, the structure of these lasers is similar to the conventional semicon-
ductor laser structures [84]. The epitaxial layers needed for this device are a double het-
erostructure. This means that a relatively low bandgap, high refractive index active layer is
sandwiched between two high bandgap, low refractive index cladding layers. The sand-
wich acts to confine the field in the direction normal to the wafer. It also serves the purpose
of carrier confinement in the undoped active region, where the electrons entering from the
n-type doped cladding layer and the holes entering from the p-type cladding layer,
encounter a potential barrier to propagate further. Thus, they are encouraged to recombine
and emit light. Usually, a thin layer of even lower bandgap material, called the quantum
well, is inserted into the active region to enhance the gain, and often the active region
around the well is compositionally graded to improve carrier confinement in the well. The
lateral optical field confinement in the IPSEL is accomplished in the same way as in the
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conventional diode laser by etching a ridge in the upper cladding, or by overgrowing the
active region with cladding material, as in the buried heterostructure lasers.
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Figure 4.1: Schematic illustration of various IPSEL structures.
Though the structure of IPSELs and conventional lasers is similar in the vertical and
lateral directions, the way the optical laser cavity is defined in the longitudinal direction is
very different. Conventionally, the laser cavity in the longitudinal direction is defined by
crystallographic cleaving. For IPSELs, the cavity is defined by either an etched vertical
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"facet" or by a horizontal surface. Furthermore, all IPSELs have a deflector, which
changes the light direction from in-plane to surface-normal. The following figure, Figure
4.1, is a cross-sectional illustration of some of the different types of IPSEL structures.
The IPSEL structures can be categorized as in-cavity deflector structures and external
deflector structures [16]. In the in-cavity deflector case, the beam is deflected by a 450
etched semiconductor to air interface. At this angle, there is total internal reflection, so all
of the light (which does not get scattered by the etch imperfections) is reflected. Next, the
light encounters a partially reflecting interface parallel with the surface. In the case of the
folded cavity IPSEL structure in Figure 4.1a [30, 31, 32], this reflecting interface is the
wafer surface itself. The contact is recessed back from the edge of the laser far enough to
allow the expanding beam to escape. Without any coatings, about 30% of the light is
reflected from this interface. (A dielectric stack coating on the surface could increase or
decrease this reflectivity.) However, because the beam continues to diverge away from the
waveguide after the surface and the second deflector reflections, a much smaller percent-
age is coupled back into the in-plane laser waveguide. A similar situation occurs in the
bottom emitting IPSEL with an in-cavity deflector, shown in Figure 4. lb [85]. In this case,
if the light is reflected off the back of the wafer, which is relatively far away, very little
would couple back into the waveguide. Therefore, a Bragg reflector dielectric stack is typ-
ically grown right below the waveguide structure to act as the partially reflecting mirror.
The position of the top contact does not matter in this case, but an opening in the bottom
contact is required. Moreover, the substrate must be transparent at the laser wavelength
and the bottom surface would have to be anti-reflection coated to minimize multiple
reflections. For both cases, the active layer should be kept as close to the cavity mirror as
possible to maximize the light coupled back into the cavity. And for both cases, the beam
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coming out of the laser is highly divergent and astigmatic, requiring expensive optics
when these devices are used in a system.
An example of an external deflector IPSEL is shown in Figure 4.1c. As in the other
examples discussed, the deflector is 450 to the surface, which redirects the light from the
in-plane direction into surface normal direction [33]. However, in this structure, there is
another vertical etched interface in the path of the light. This vertical etched facet defines
the longitudinal cavity. As long as this etched facet is smooth and vertical, whatever light
that does not get out of the cavity, is coupled back into the laser waveguide mode. For this
reason, the external deflector IPSEL mirror losses should be smaller than for the in-cavity
IPSELs. However, if the deflector is too far from the cavity facet, then the expanding field
coming out of the facet does not fully fill the deflector, and not all of the light goes into the
surface normal direction. Another cause of higher losses of the external deflector IPSELs
over the in-cavity ones is that the light sees two etched mirrors in its path. If the mirrors
are not perfect, then the mirror losses are incurred twice. However, if the fabrication and
the etching is well developed, the external deflector devices should be better than the in-
cavity deflector devices.
All three devices mentioned so far have a highly divergent and astigmatic beam at the
output. Consequently, the cost improvements due to the monolithic system integration
could be offset by expensive optics. To improve this, parabolic-external-deflector IPSELs,
Figure 4. ld, have been fabricated [34]. The parabolic deflector collimates the output light
in the direction that normally has the largest divergence. The issues involved with this type
of device are the same as the ones for the 450 external deflector case. To etch such a
deflector, a much better control of the etching parameters has to be obtained than for a
straight deflector. Nevertheless, this is the final structure chosen for our project.
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There are other ways of reducing beam divergence. The parabolic deflector can also be
fabricated for the in-cavity deflector structures. This would be easiest for the bottom emit-
ting structure. In this case, the coupling of reflected light would also be improved. How-
ever, any deviations of the deflector from the parabola would cause both beam spreading
and losses due to coupling for the in-cavity structures, whereas for the external deflector
structures only the beam quality suffers. Another way to reduce beam divergence, is to
etch a lenslet [86] on the surface of the in-cavity deflector structures, which again would
be the most convenient for the bottom emitting lasers. However, using the bottom emitting
structure would probably prove a wrong choice in the long run, since the wavelength at
which the Vitesse fabricated detectors operate (and thus the wavelength at which the lasers
will have to emit), is absorbed by the substrate. For these reasons, the approach of Figure
4. Id is the most practical for our application. Past success of this structure for AlGaAs/
GaAs lasers at the MIT Lincoln Laboratory further favors this choice.
The final issue to address for the IPSEL design is whether to make both facets or one
facet surface emitting. This issue has as much to do with the system design as with the
device design. Having both facets surface emitting allows for all of the light to be used.
However, the system designer might find having two beams for one signal undesirable.
Furthermore, there might be a possibility of high-reflection coating one of the facets, so
that very little light escapes. This requires angled evaporation or sputtering of dielectrics
with precise thickness control, but is nevertheless possible. In this way, the quality factor
of the cavity would be higher, and the cavity size and threshold currents can be reduced,
and external efficiencies increased.
Even with the best designed IPSEL structure, device performance is directly related to
the quality of the etched facets and deflectors. The etch quality can be determined indi-
rectly by observing it on a scanning electron microscope. However, when imperfections
are observed, it is difficult to compare relatively the quality of one facet versus another,
since it is difficult to estimate the relative losses for different types of imperfections. For
example, issues such as when does roughness introduce more loss than tilting of the facet,
or how does an indentation effect the scattering losses are hard to resolve. Therefore, the
quality of a facet is best measured by its bottom line: how does it effect the laser perfor-
mance. Consequently, to test the quality of the etching done in this study, etched facet
lasers (without deflectors) structures were used. These devices were measured under
pulsed current conditions, and from the output light vs. current characteristics, information
about facet quality was deduced. In the remainder of this chapter, the structure and the fab-
rication procedures of the etched facet lasers will be described, and the results from the
tests of these lasers will be reported. A detailed list of procedures used for fabricating
etched facet lasers in included in Appendix A.
4.2 Etched Facet Laser Structure
As mentioned before, the main reason for fabricating etched facet lasers is to ascertain the
etch quality. Thus a structure and the experiments have to be chosen so that variations in
all of the parameters, other than the facets, would not effect the laser structure. Further-
more, to tell how good the etched facets are, it would be best to compare them with
cleaved facet lasers, where the mirror reflectivity is well known. It would be optimal to
have the cleaved and the etched facet lasers side by side to eliminate any doubts about
material quality variation over the sample. The bottom of the etch next to the etched facet
will reflect and scatter some of the light away, so the experiment and the structure have to
be designed so that as much as possible of this light can be collected from the facet.
Finally, as will be discussed in the next section, much of the information can be deduced
about the mirrors by examining certain laser characteristics as a function of cavity length.
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The structure shown in Figure 4.2 was designed and fabricated specifically to satisfy
all of above requirements. For this test, a broad area laser structure was chosen to elimi-
nate sensitive fabrication steps. Broad area lasers do not require any ridge etching or intri-
cate contact definition, to which laser properties are very sensitive. The broad area lasers
are terminated on each side by a deeply etched area, the edges of which make up the fac-
ets. The etched facet lasers are fabricated in four different lengths, which should provide a
sufficient number of points to determine the function of any length dependent laser charac-
teristics. The length is determined by the distance between the etched facets and the length
of the contacts themselves. The etch facets are interrupted by unetched areas In these
unetched areas, which extend over the length of the whole sample a continuous broad area
laser contact is fabricated. This contact is designated for the cleaved facet lasers.
When following a line of etched facet lasers, each of the four sizes of contacts is inter-
rupted by an etched area. Then the four contacts and etched area repeat again. These lines
of lasers are grouped together side by side in sets of five. In between each set, runs a con-
tinuous contact. This pattern of five etched facet lasers and one continuous contact repeats
itself. When the fabrication is finished, the sample is cleaved through the etched areas to
separate the different length lasers. On one of the sides, the cleave is as close as possible to
the etched facet to increase the light collected from that facet. The cleaves, in addition to
separating the lasers and allowing a way to collect the light directly from the etched facets,
forms the cavity mirrors for the cleaved facet lasers. The cavity length for the cleaved
lasers thus is slightly different from the etched ones, but four different lengths are still
obtained from each experiment. The four different etched facet laser lengths are 0.6 mm,
0.9 mm, 1.2 mm, and 1.5 mm. Actually, the contact is receded from the etched facets by 3
gm on each side to ensure that shorting of the diode does not occur in case of slight mis-
alignments. The length of the etched area is 144 gm, so the length of the cleaved lasers
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a) crossection
b) top view
Figure 4.2: Schematic of the side-by-side etched and cleaved facet laser performance
comparison experiment.
would be longer by about that amount. Two widths for the etched facet broad area laser
contact were used: 50 and 100 gim. Because of a miscalculation during the layout the
cleaved facet laser contact widths are smaller, being 28 and 78 im. The spacing between
each contact is 50 gm.
For the broad area lasers, the laser is defined in the lateral dimension only by region of
gain which closely corresponds to the region of current flow. In turn the current flow is pri-
marily defined by the contact, but some current spreading also occurs. To control this cur-
rent spreading, and to make it reproducible, the lasers were isolated by etching away the
highly doped cap layer and some of the cladding layer. This isolation etch is between con-
tacts, and starts 3 gm away from the contact. This etch extends along the whole length of
the lasers, and etches partly into the etched area. The etched walls next to the contact are
not etched, and for further protection, 12 gm are left unetched adjacent to the contacts in
the neighborhood of the facets. The walls of the etched area perpendicular to the facet
walls are also protected, so that they can be examined after the cleaving for the lasers is
done.
Even though broad area lasers are used in this experiment, in the future index guided
ridge lasers will be fabricated. Thus, in addition to the geometric structure design, the het-
erostructure design to provide optimal waveguiding was also done before epitaxial growth.
Two important requirements were used for such a structure. One requirement is that for a
selected ridge width, there is only a single transverse optical mode for this structure. The
other requirement is for this single mode to have the largest possible fraction of its power
in the active region. (This fraction is called the confinement factor, F.) An optical field
profile for a structure that satisfies these requirements is shown in Figure 4.3. The simula-
tion was done using the effective index method. The structure was grown in the MIT
GSMBE, runs R625 and R626 [87]. A thin GaAs etch stop layer was placed in the upper
InGaP cladding layer at the exact location where the ridge should be. The simulation was
run also for cases where the etch stop layer cannot be used, and the ridge was overetched
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Figure 4.3: Simulated optical field contour profile for a 5 jim ridge laser for the hetero-
structure grown for this project.
or underetched by 0.1 gm. It was confirmed that both of these cases produced single mode
waveguides. This structure was optimal for this experiment, where the upper cladding was
kept to the minimum, so that the active region can be as close to the surface so that the
more of the light can be collected. For the case of external-deflector IPSELs, as thick as
possible upper cladding should be grown to reduce the stringency of the alignment
between the etched facet and the deflector.
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4.3 Laser Fabrication
Total fabrication of the etched facet lasers on bulk material requires three photolitho-
graphic masks. The first one is used for patterning the etched facets, the second one is for
defining the contacts, and the last one is for the isolation etch. First, the mask used for the
facet etch is patterned. Before commencement of fabrication, the sample is solvent
cleaned. Then the sample is covered with about 0.6-0.8 gim of SiOx , using either pyrolytic
deposition or PECVD. Thickness uniformity over the sample is one of the problems of this
step, especially using the pyrolytic system. Next, using photoresist patterning and elec-
tron-beam evaporation, about 60 nm of nickel is patterned using a lift-off technique. This
nickel pattern is used as a mask to etch the oxide in the CF4/0 2 RIE system. After the
oxide is patterned, nickel is removed. The oxide is used as the mask for the facet etch in
the bromine IBAE system. After the facet etch, the SiOx mask is removed in buffered HF
solution. Ti/Au film is then patterned using a lift-off technique to make contact to the top
p-type GaAs layer. Five micron thick resist was used to ensure that it fills the etched areas
and the facets are covered. Next a thick photoresist was patterned to protect everything,
other than the areas between the contacts, during the isolation etch. The isolation etch was
carried out in the Br 2 IBAE at 500 C. (The low temperature Br 2 IBAE was developed for
the purpose of bottom side contact formation, since it forms sloped walls, which are easy
to metallize. It was also used for post-growth polycrystalline material removal described
in Section 2.4. It proved to be the perfect choice for the isolation etch as well, since photo-
resist can be used as a mask.) The sample then was lapped down to about 150 gim and pol-
ished on lens paper in bromine/methanol solution. Finally, as the last step before cleaving,
the whole back side of the sample is covered with a Ge/Au/Ni/Au film, which is then
annealed at 450 0 C for 30 seconds in a rapid thermal annealer. A much more detailed
description of the process is available in A.
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Most of the steps in the etched facet laser fabrication had to be developed to suit the
requirements of the fabrication. Of course, the most critical step to the performance of the
lasers is the facet etch itself, development of which was discussed in Section 3.6. The next
most crucial steps have to do with the etch mask definition. Development of the oxide dry
etch and the reasons for choosing Ni as the mask are described in Section 3.7. However,
patterning nickel itself is just as important, since the edge of the nickel pattern has to be
very straight, because any roughness or undulations will transfer into the facet and cause
optical losses. The lift-off process for this step uses 0.5 gm positive resist. (Thin resist is
used to enhance pattern reproducibility.) The top layer of the resist is hardened with chlo-
robenzene prior to development. This causes this layer to etch more slowly in the devel-
oper than the underlying resist, causing an undercut. Ideally, this hardened top portion of
the photoresist will be the outermost part of the edge, and it will define the metal that gets
deposited during the evaporation. Photoresist, however, treated or untreated does not
develop vertically, unless extreme care is taken. This is due mostly to the light profile
inside the resist during the exposure and the etching of unexposed resist during develop-
ment. All the exposures done for this project were done on a contact aligner, where the
mask comes into contact with the resist, and the parts of the resist not covered by the mask
are exposed to uncollimated light. Angled light rays, diffraction around the features,
standing wave patterns due to reflections from the air to resist and substrate to resist inter-
faces, and light absorption by the resist cause the sloped photoresist walls. These effects
are exacerbated if the mask is not in good contact with the resist. Development time also
plays an important part in the photoresist profile. The developer has greater that 10:1
selectivity of etching the exposed versus unexposed resist (depending on the total expo-
sure energy), but if overdeveloped the resist pattern will start to wash away, contributing
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further to the sloping of the walls. These effects caused the chlorobenzene lift-off process
to be unreliable.
sure
ne
Figure 4.4: Chlorobenzene soaked photoresist profiles: a) no chlorobenzene treatment, b)
properly exposed and developed, c) improperly exposed, d) exposure time effects with
good mask contact, e) exposure time effects with poor mask contact.
The geometries involved in photolithography for lift-off metal processing using chlo-
robenzene treated positive photoresist are shown in Figure 4.4. The photoresist profile
without the chlorobenzene soaking is shown in Figure 4.4a. The profile is sloped due to
the light diffraction and standing wave effects. When evaporation is done on top of this
resist, in some places there will be a continuous sheet of metal covering both the slope and
the resist free region. During lift-off, tearing of the metal film will occur in these spots,
causing uneven edges in the metal pattern. The ideal resist profile for lift-off metal pattern-
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ing is shown in Figure 4.4b. When metal is evaporated on this structure, no link is formed
between the metal on top of the resist and on the resist free area, and a clean metal edge is
obtained. Unfortunately, if the resist is not exposed properly, then the bottom portion
retains the shape it would have without the chlorobenzene soak, while the top is undercut
as expected, as shown in Figure 4.4c. Since the bottom edge extends beyond the top edge,
the undercut does not help in terms of metal pattern edge definition, and problems similar
to the case of lift-off with resist untreated with chlorobenzene come up. These problems
are further amplified, since the bottom edge in the case of Figure 4.4c is rougher than the
top edge in the case of Figure 4.4a.
Exposure time of the chlorobenzene soaked positive photoresist is critical to obtain a
proper profile. Part of the approach is to expose the bottom of the photoresist film enough,
so that it develops faster. As shown in Figure 4.4d, as the exposure time is increased, the
total optical energy increases and the whole thickness of the photoresist, except for the
part affected by the chlorobenzene, acquires the same etch rate in the developer, so the
undercutting can occur even at the bottom. If longer development times are used, the hard-
ened top edge of the photoresist starts to degrade and roughen by the time the bottom por-
tion is developed out. Thus for the type of photolithography where the top is hardened to
produce undercutting, longer exposure times are needed than for regular photoresist pat-
terning.
Too much exposure however, allows the total optical energy of diffracted and stray
light in the top portion of the resist to build up. Consequently, even though this part is
hardened, the developer etch rate there increases, and the top part is pulled back, counter-
acting the undercutting. This effect is particularly evident for the case where the lithogra-
phy mask does not come into contact with the resist during the exposure. In this case, the
amount of stray light exposing the sample is much larger, so that as the exposure is
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increased, the energy in the top part below the mask accumulates faster than in the bottom
portion of the resist. As shown in Figure 4.4e, this causes the resist profile to become even
more slanted as the exposure time is increased. Poor contact during exposure is sometimes
due to improperly maintained equipment, though most often it is caused by the photoresist
buildup next to the edge of the sample (called edge bead). For small samples, this effect is
much more severe, and for square samples, edge bead on the corners can be tens of
microns high. For these reasons, much difficulty was encountered with obtaining straight
edge etch masks for the facet etch.
Other challenges in the etched facet laser fabrication were also mainly concerned with
the etch mask. The process of obtaining straight walls in the SiOx mask using RIE was
discussed in Section 3.7. In order to facilitate the optimization of the oxide RIE etching,
uniform oxide deposition was important. After failing to obtain uniform films using a
pyrolytic deposition system, it was necessary to switch to a more complicated PECVD
system. This made it possible to have a thickness variation within 0.1 gm, as opposed to
0.3 gm variation on the pyrolytic deposition system. Developing a cleaning procedure for
both of these systems was also important to eliminate silica particle incorporation into the
film. Finally, the thick photoresist lithography used for lift-off contact patterning also had
to be developed. The edge bead on the thick resist is severe, and the situation in Figure
4.4e was encountered. Thus edge bead removal and low exposure times were used to
obtain acceptable results. The rest of the processing steps did not require as much develop-
ment, and only slightly altered standard processing parameters were used for these pro-
cesses.
-cleaved facet
-etched facet
Figure 4.5: Photograph (top view) of completed etched facet laser structure.
Throughout the processing, alignment during the photolithography was very impor-
tant. First alignment is done to the samples crystallographic axes. A well cleaved sample is
very important for this. If the crystal axis and the etched facet are misaligned, then during
the cleaving of the sample at the final stage to define the mirrors for the cleaved facet
lasers, the cleave will propagate at an angle to the etched facet, and will eventually cut off
some of the etched facets. In this case, the only way to prevent this would be to cleave far-
ther from the etched facet, which would reduce the light collection from the etched facets.
For the OMCVD grown sample, keeping track of the particular crystallographic direction
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was also important since the substrate wafer is cut 50 off axis in one direction [27]. Thus, a
vertical cleaved facet can be obtained along one of the crystallographic directions, but not
the other. The alignment for the other two photolithography steps was done with align-
ment marks. Misalignments during the contact patterning lithography could cause metal to
deposit on the etched facets, electrically shorting the laser diode. Misalignments in the iso-
lation etch step could cause destruction of parts of the etched facets.
4.4 Etched Facet Laser Results
The broad area structure was chosen for the etched facet laser experiment in order to min-
imize the dependence of the laser results on the contact and ridge definition. Thus, the
laser results should primarily reflect the quality of the mirrors and the material. To obtain
the information on the quality of the mirrors, it is sufficient to measure the light-current
(LI) characteristics of the lasers under pulsed conditions (to prevent thermal effects from
coming into play). The important parameters in this case are the threshold current density
and the differential quantum efficiency of the lasers. The threshold current density is
dependent on the total optical loss in the laser cavity. Some of this loss is due to absorption
of the material, and some to the escape of the light at the mirrors. If the cavity is shorter,
the light escape at the mirrors becomes more important, thus increasing the total loss due
to the mirrors, and, consequently, increasing the threshold current. In fact, from basic prin-
ciples of laser operation, a relationship between the threshold current density, the cavity
length, and the mirror reflectivity (or scattering) can be written down [84]:
Jth = no+ + ) (4.1)
where d is the active region thickness, t e is the carrier lifetime, no is the carrier density
necessary for transparency, a is the linear gain coefficient, F is the confinement factor, and
ai is the internal material loss. am is the mirror loss defined as
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where L is the laser cavity length, and R is the mirror reflectivity. In this expression, iden-
tical mirrors on both ends of the cavity were assumed. If the reciprocal cavity length is
defined by K, and the different terms in the threshold current expression are lumped
together, Equations 4.1 and 4.2 can be combined to produce the following expression:
Jth= A+ B Inl (4.3)
Terms A and B are lumped parameters, and contain the information about the gain medium
and not the mirrors.
As can be seen from Equation 4.3, if the threshold current densities are plotted against
the reciprocal length of the cavities, the slope contains the information about the mirror
reflectivity. Furthermore, if two types of lasers fabricated from the same material, but with
different mirrors, are compared, then from the slopes of the Jth(K) plots, relative mirror
reflectivities can be obtained. This is particularly useful for our case, since we know the
cleaved facet laser mirror reflectivity to be about 30%, Rc=0.3, and therefore from the
slopes of the threshold current plots, mc and me, for cleaved and etched facet lasers respec-
tively, etched facet reflectivity, Re, can be obtained. For this purpose, the expression in
Equation 4.4 can be used.
1 me 1In = - In (4.4)
Re mc R c
Thus, no material parameters are needed to obtain the mirror reflectivities.
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Figure 4.6: Threshold current density plot for cleaved and etched facet lasers fabricated
from the Lincoln Laboratory OMCVD material.
The plots of the threshold current densities of the cleaved and etched facet lasers fabri-
cated from the OMCVD material are shown in Figure 4.6. Since both the cleaved and the
etched facet lasers have similar slopes for the different samples, the data from the samples
is lumped together. Extracting the slopes from the graph and using Equation 4.4, etched
facet mirror reflectivity Re=0.05 is calculated. The difference between the cleaved and
etched facet reflectivity, i.e. 0.3 and 0.05, respectively, is due to the light being scattered
out of the cavity or into the lasing mode by the mirror imperfections. A micrograph of a
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representative etched facet is shown in Figure 4.7. The scattering into other cavity modes
is very evident in the L-I characteristics of the lasers, where for the etched facet lasers the
lasing commencement is very smooth with L-I curve "knee" being rounded, whereas for
the cleaved facet lasers it is abrupt, as shown in Figure 4.8.
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Figure 4.7: SEM micrographs of the etched facets in the OM661-2-2 laser sample.
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Figure 4.8: Light-Current plots of a) 1340 mm long cleaved facet lasers and b) 1200 mm
long etched facets lasers made from LL OM661-3-2 sample.
The reflectivity obtained from the slopes of the Jth(K) plot can be somewhat smaller
than the actual value. The error comes in assuming that the linear gain coefficient, a, and
the carrier lifetime, "Ce, of Equation 4.1 are constant. In actuality, these parameters them-
selves depend on the injected carrier concentration, and thus on the current density [84].
This effect is not negligible in the case of high carrier injection. In fact, this effect is visi-
ble in Figure 4.6, where the Jth(K) function deviates from the straight line for the short
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etched facet lasers, where high carrier densities are required to commence lasing. There-
fore, a better estimate can be made if lasers of with the same threshold current density, but
different lengths, are compared. There are some cases like this in the data of Figure 4.6,
where an etched facet laser has almost exactly the same threshold current density as a
cleaved facet laser, but a different length. To obtain the relation between the reflectivities
of the two lasers the following expression can be used.
1 Kc 1 Le 1In- = In- = -In (4.5)
Re Ke Rc Lc R c
Thus, for OM661-2-2 and OM661-3-2 samples, Re=0.09 and Re=0.078, respectively,
were calculated.
The mirror reflectivities for the laser sample fabricated from the MIT GSMBE grown
R170 material (GaAs core layer) were also calculated. The plot of the threshold current
densities for cleaved and etched facet lasers are shown in Figure 4.9. This sample has had
some macroscopic defects which tended to decrease the laser performance. This is the rea-
son that the cleaved facet laser current plot is not straight. For the etched facet sample
lasers, the statistical sample was much larger, so it was easier to find the lasers with no
defects. To exclude the effect of these macroscopic defects, the two devices with best per-
formance are used to obtain the slope of the plot. Thus, calculating the etched facet reflec-
tivities from the Jth(K) plot slopes using Equation 4.4 resulted in Re=0.1. Using the
method of choosing devices with equal threshold current density, but different lengths, and
using Equation 4.5, the etched facet reflectivity Re=0.17 was calculated. An example of
these etched facets is shown in Figure 4.10.
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Figure 4.9: Threshold current density plot for cleaved and etched facet lasers fabricated
from the MIT GSMBE material.
Representative L-I curves for the cleaved and etched facet lasers in this material are
shown in Figure 4.11. Consistent with the mirror reflectivity results, the knee in the etched
facet laser curve is more abrupt than in the case of the etched facet laser from LL OM661-
3-2 sample (Figure 4.8a).
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Figure 4.10: SEM micrographs of the etched facets in the R170 laser sample.
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Figure 4.11: Light-Current plots of a) 1340 mm long cleaved facet lasers and b) 1200 mm
long etched facets lasers made from MIT R170 sample.
In addition to the threshold current density, another parameter that can be obtained
from the L-I plots which contains information about the mirror reflectivity, is the external
differential quantum efficiency, rd. Differential quantum efficiency is the slope of the L-I
curve above threshold. A way to express this coefficient is in its reciprocal form, where it
should be linear with the cavity length [84]:
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The above expression, where rli is the internal quantum efficiency and ai is the material
optical loss, shows this relationship. The plots of the reciprocal external differential quan-
tum efficiencies as a function of cavity length is shown in Figure 4.12 and Figure 4.13 for
OM661 and R170 samples, respectively. However, in the present case, the differential
quantum efficiency cannot be used to compare the cleaved and etched facet lasers because
this parameter is dependent on the amount of light collected from the facet, and the collec-
tion of light from the etched facet lasers is not complete (as illustrated in Figure 4.2).
An attempt was made to adjust the efficiencies for etched facet lasers by estimating the
amount of light that is incident on the etched region floor below the etched facet. The light
impinging on the floor is assumed to be lost. The relative amount of light that is lost
depends on the angle of the spread of the field as it exits the facet, on the distance between
the etched facet and the cleave, and on the height of the active region from the etch floor.
The height of the active region is obtained with a surface profilameter and the heterostruc-
ture parameters. The distance between the etched facet and the cleave is obtained using an
optical microscope. The near-field profile of a cleaved facet laser was measured to obtain
the angle of spread of the output beam from the full-width half-maximum (FWHM) points
in the intensity profile. The FWHM spread is 410 in the vertical direction for the OM661
lasers [88]. As an example, with a 410 beam angle and 4 gm active region height, the dif-
ferential quantum efficiency should be increased by 15%, 30%, and 64%, for 15 gim, 20
gm, and 50 gm facet to cleave distances, respectively. However, the differential efficiency
data did not follow this model at all, and lower differential efficiencies were seen for lasers
with the same active region height, and smaller facet to cleave distance, and smaller cavity
length. It is suspected that not all of the light that impinges on the etch floor is totally lost,
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and some of it is collected. If this is the case, then the measured etched facet laser effi-
ciency dependence on the geometry is not as strong as assumed by the model above. Fur-
thermore, since the measured differential quantum efficiency is dependent on the
reflectivity and losses of the particular facet the measurement is taken from, facet nonuni-
formity further attributes to the inapplicability of the above model. Finally, the scattering
of the data and its inconsistency with Equation 4.6 for the OM661 material (Figure 4.12),
even for the cleaved facet lasers, cannot be presently explained and further complicates
data analysis.
For the above reasons, the external differential quantum efficiency can only be used
qualitatively to ascertain the etched facet laser quality. For the LL OM661 material, the
best efficiency for a cleaved laser was 43.1% per facet. Some of the etched facet laser effi-
ciencies were above 29%, which if imperfect light collection is taken into account, is sur-
prisingly good in the light of the mirror losses calculated. For the MIT R170 lasers, the
difference between cleaved and etched facet lasers is larger, with best efficiencies of 34%
and 15%, respectively. However, in the case of this material, the facet etch was much shal-
lower, so the smaller active layer height might explain this larger difference.
A final note about the accuracy of the etched facet reflectivity calculation should be
made. Many of the parameters that go into the calculation are not precisely measured or
known. Such parameters include the cleaved facet laser cavity lengths and the cleaved
facet reflectivity. The assumption about the uniform material quality or uniform fabrica-
tion quality is also incorrect. To reduce the uncertainty, only the best devices were chosen
for the calculation. However, some fluctuations are still present.
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Figure 4.12: External differential quantum efficiencies of etched and cleaved facet laser
fabricated from LL OMCVD material.
The conclusion that can be made from the etched facet laser results is that further
improvement is necessary for the bromine IBAE process step. In particular, consistency of
the etching needs to be improved. The facet etch quality in the lasers from both materials
shown on the SEMs in Figure 4.7 and Figure 4.10 is inferior to those produced during the
etch optimization, shown in Figure 3.12. Thus the optimized etch parameters need to be
reproduced for the laser structures. Finally, even though the experiments are designed to
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Figure 4.13: External differential quantum efficiencies of etched and cleaved facet laser
fabricated from MIT GSMBE material.
isolate the effects of the facet quality from the material, good quality material is needed to
carry out these experiments, since the effects of the facet losses can be overshadowed by
the material losses. For example, through visual inspection the facet quality of the MIT
R170 lasers seems to be worse than the ones from the LL OM661 material, the calculated
mirror loss results make them appear to be better. This is partly due to the overshadowing
of the mirror losses by the material losses. Extra material losses can also explain the rela-
tive sharpness of the threshold transition region in the L-I curve of MIT R170 etched facet
lasers (Figure 4.8a) as compared to the ones from LL OM661 material (Figure 4.11a).
Extra material losses in the MIT R170 sample dampen the oscillation in the side modes, so
the scattering of the light by the mirror imperfections into these modes from the main las-
ing mode around threshold is not as apparent as in the case of LL OM661 low loss mate-
rial. An even more serious effect then the material quality itself is the nonuniformity in the
material quality. It is believed that for the MIT R170 sample, the material quality of the
best etched facet lasers was much better than the material quality of the best cleaved facet
lasers, due to the fact that five times as many etched facet lasers were measured. There-
fore, the etched facet lasers must be compared to better cleaved facet laser to obtain more
accurate (and probably lower) mirror reflectivities.
Regardless of the relatively high mirror losses and poor material quality (in the case of
the MIT R170 sample), from both of these materials, functioning etched facet lasers with
reasonable threshold densities and differential quantum efficiencies (especially if cor-
rected for the uncollected light) were fabricated. These lasers can be easily used in experi-
mental systems, even before the etch quality is improved and made more consistent.
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Chapter 5
Conclusion
5.1 Thesis Contributions
The general purpose of the work described in this thesis was to develop the technology
necessary to integrate in-plane surface-emitting lasers with GaAs electronics. As the base
for this technology development, previous efforts in the epitaxy-on-electronics integration
approach were used. These efforts were primarily accomplished by others [12, 13, 14, 15,
17, 18], but many were done with the author's involvement, including waveguide, modula-
tor, and self-electrooptic effect device integration development. These were only briefly
mentioned in Chapter 2. The developments described in this thesis are of two types. The
first is the general E-o-E technology process improvements. The second type concerns the
processing steps necessary for IPSEL fabrication.
There were numerous improvements made in the general E-o-E processing steps.
Some of these include changing the p-type ohmic contact metal from Ti/Au to Ti/Pt or Ti/
Au/Ni to improve the final Al interconnection reliability, introducing dry etching for the
final aluminum interconnection, and designing optoelectronic circuits. The major accom-
plishments, however, were improvements in the pre-growth dielectric window preparation
and post-growth polycrystalline material removal, described in Sections 2.3 and 2.4,
respectively. A new configuration for the DGW was designed, which would allow for the
removal of most of the dielectric stack at the commercial foundry without the risk of sub-
strate damage, regardless of the foundry process variation. Subsequent steps for final win-
dow cleaning, which combine dry and wet processing, were also developed.
New processes had to be developed for the polycrystalline material removal because
the epitaxial material was switched from AlGaAs/GaAs to the InGaP/GaAs system. Since
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wet processing for this step was cumbersome and caused damage to the electronics, dry
processes were developed. Both chlorine and bromine ion beam assisted etching was used
for this purpose. The bromine based etch in particular has many advantages, since it
occurs at lower temperatures, and photoresist can be used for the crystal protection. For
this process, the unassisted spontaneous etch rate for GaAs is small, so if there are gaps in
the protective photoresist or between the dielectric stack and the crystal, virtually no dam-
age to the crystal will occur.
Most of the E-o-E technology improvements described in this thesis were done in as
part of the InGaP/GaAs integration project, namely the OPTOCHIP [69]. The success of
the OPTOCHIP project attests to the success of these improvements. (Multiple collabora-
tors were involved in the OPTOCHIP project, and many improvements are credited to
them as well.)
The major effort in the IPSEL process development was the development and optimi-
zation of a dry etch. Since the InGaP/GaAs material system was used instead of the more
common A1GaAs/GaAs system, a new etch had to be found to be able to etch smooth ver-
tical walls in both InGaP and GaAs. For this purpose, a novel bromine ion beam assisted
etch was developed. The bromine IBAE system was assembled, and characterized on
GaAs and InP substrates. Then the etch parameters were optimized using InGaP and
InGaP/GaAs heterostructures. Slanted 450 etches were also performed in preparation for
IPSEL deflector fabrication. Finally a method for obtain good quality etch masks was also
developed. The etch parameters and mask were used to fabricate etched facet lasers (with
both facets etched) in the InGaP/InGaAsP/GaAs and InGaP/GaAs materials (both with
strained InGaAs quantum wells). These were measured side-by-side with cleaved facet
lasers. From the threshold current density data the facet reflectivities were deduced to be
9% and 17% for the InGaP/InGaAsP/GaAs and InGaP/GaAs materials, respectively (as
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compared to 30% cleaved facet reflectivity). Nevertheless, lasers with threshold current
densities of less than 150 gA/cm2 and external differential quantum efficiencies of more
than 29% per facet were achieved.
With the contributions of this thesis, the expertise and the equipment necessary for
IPSEL OEVLSI fabrication has come into existence. This project will continue to reach
the final goal of fabricating opto-electronic integrated circuits. The IPSEL structures and
the optoelectronic circuits that will be used in these OEICs will be described in Section
5.4. Further improvements and characterization of the E-o-E technology processes and the
dry etching used for IPSELs are needed in order to be able to fabricate high performance
systems. Suggestions for further research for the E-o-E processing will be given in Section
5.2. Improvements for the IBAE system, its mode of employment, heterostructure etch
optimization, and etch mask fabrication are suggested in Section 5.3.
5.2 E-o-E Technology Improvements
Most of the current problems that occur in OEIC fabrication using E-o-E technology are
not intrinsic to the technology itself, but rather occur because of the specifics of the Vit-
esse fabrication process, because of the lack of access to this process, and because of the
lack of equipment access. When the E-o-E process is used commercially, the interaction
between the electronic and optoelectronic fabrication facilities will be very close. Perhaps,
slight changes will be needed in the details of the interconnection metal and the dielectric
stack. Furthermore, any changes in the electronic process will have to be made with the
effect on the whole E-o-E process in mind. Ideally, changes to the interconnection metal
can be made to increase its thermal stability, without compromising performance, yield,
and cost of the electronic process.
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State-of-the-art dedicated equipment for photolithography and dry processing will be
needed for the DGW opening, and the optoelectronic device fabrication. The photolithog-
raphy processes are especially important. In order to take advantage of the modern photo-
lithography techniques, full wafer processing will be required. Furthermore, better
methods of surface planarization will need to be adopted. Methods, such as chemical
mechanical polishing (CMP), will make the surface of the dielectric stack much more pla-
nar, and allow for submicron pattern definition. Introduction of CMP techniques into the
electronics process represents a major change in the process, but will allow for high den-
sity, high yield, and high complexity OEICs produced by E-o-E integration technology.
Other developments in silicon IC fabrication technology will eventually be applied to
the GaAs technology. Applicability of these developments will need to be evaluated for
the E-o-E technology. In particular, using lower resistivity metals, such as copper, instead
of aluminum will be of a particular advantage to GaAs ICs. Thus, an investigation of cop-
per interconnect thermal stability will need to be conducted. It might even be the case that
copper interconnects could be more thermally stable due to the better diffusion barrier
technology they require, and thus will be advantageous to the E-o-E technology.
Finally, more complete DGW substrate quality studies still need to be conducted in
order to assess the amount of contamination and damage various process steps introduce.
The processes that should be investigated first would include the DGW preparation in the
laboratory. Effects of dry etching of the dielectric stack need to be investigated. In particu-
lar, effects of gas composition, chamber cleaning procedures, and overetching need to be
looked at. Wet etching and sample degreasing procedures should also be investigated. To
conduct these investigations, both bulk and chip samples should be used. Primary surface
investigations can be done using normal surface morphology and surface composition
study techniques, such as optical and electron microscopy, atomic-force microscopy,
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Auger spectroscopy, and others. Study of the epitaxial material quality grown on these sur-
faces will also be important. For the epitaxial material characterization, photolumines-
cence, cathodoluminescence, and optical loss studies can be conducted in addition to
microscopy.
5.3 Improvements on IBAE Configuration and Operation Procedure
The most important motivation for modifying the IBAE system and its mode of operation
is to obtain more consistent etching performance. For example, etched facet laser perfor-
mance reported in Section 4.4 would have been improved if the optimal etching conditions
obtained during the etch optimization described in Section 3.6 were achieved again during
the laser fabrication. Upon comparing the etch quality demonstrated during the etch study,
Figure 3.12a, and during facet fabrication, Figure 4.7, for the GaAs core heterostructure,
and the etch optimization, Figure 3.12b, and laser facet, Figure 4.10, for the InGaAsP core
material, insufficient etch reproducibility can be seen. The cause of the etch inconsistency
lies in the insufficient control of bromine flow, substrate temperature, and beam current
density, and perhaps ion impingement angle.
Currently, bromine flow is controlled by a leak valve, and is measured by aligning one
of the two nozzles from which bromine comes out with a nozzle of a pressure measuring
device (Baratron). The flow is adjusted before commencement of the etch, but only peri-
odic measurement and adjustment occurs during the etch, since the nozzles are not aligned
during the etch. An inconsistency in the established bromine flow can occur in the align-
ment of the nozzles. Though they are about 1.5 cm apart, slight change in the alignment
changes the Baratron reading, and variations of about 5% often occur. At some operating
points, this can have a relatively significant effect on the etch rate, as can be seen in Figure
3.8. Consequently, the first improvement suggestion to the IBAE system would be to
install a stop for the Baratron nozzle handle, so that this nozzle is always brought to the
same point. Even with the improvement in the nozzle alignment, the bromine flow fluctu-
ates during an etch, often without the operator's knowledge. Thus, installation of a mass
flow controller, which measures and controls the flow automatically, would be the best
solution. As is done presently, the bromine lines should be pumped out to the low 10-7
Torr range after each etch to avoid mass flow controller degradation.
Etch characteristics are very sensitive to substrate temperature, so good control of the
temperature is important. The discrepancy in the substrate temperature in our system is
primarily due to the inconsistent thermal contact between the stainless steel sample holder
and the sample. Small gaps can sometimes occur between parts of the sample and holder.
This is particularly the case for small samples held at the very edge by one clip. Thus, the
clipped sample should always be inspected visually for any gaps before inserting the
loader into the machine. If possible, two clips on opposite side should also be used. How-
ever, using an adhesive film between the sample and the loader would be the method of a
higher likelihood of providing a consistent thermal contact. A material with good thermal
conductivity would be optimal, but any material would be an improvement because it
would provide better thermal conductivity than vacuum. An important consideration for
the choice of adhesive material is its subsequent removal. The sample should be easily
removed from the holder, and it would be preferable to have a smooth surface on the back
of the sample after the removal. Furthermore, no contamination of the front of the sample
should occur, since it would compromise further processing steps. Contamination during
the etch should also be avoided, and therefore the adhesive material should be removed
from the periphery of the sample prior to etch. The material should also not outgas signifi-
cantly. Finally, the adhesive material should be able to withstand temperatures up to
150 0 C.
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Indium, wax, and vacuum grease are some of readily available materials. Indium is the
alternative with the highest heat conductivity. It can be applied easily on the heated sample
holder, but is a little harder to remove. Procedures for removal are often used in the MBE
practice. Waxes, such as "Crystal Bond", can be applied on a heated holder, and can be
removed with a solvent. They, however, have low thermal conductivities, and could con-
ceivably leave residues even after solvent cleaning.
In addition to bromine flow and substrate temperature, ion beam current density con-
sistency is important. The current inconsistency stems from possible inconsistent mea-
surement of the current, neutralization of the beam, and ion production. This inconsistency
manifests itself in the drop of the unneutralized ion beam current density with an increase
in the cathode current beyond a certain cathode current. The maximum ion current density
and the cathode current at which it occurs increases with increasing beam voltage. Beyond
this point, however, the total beam current displayed by the ion source supply continues to
increase. This effect is not described in the literature, which reports continuously increas-
ing beam current densities until saturation (not decrease) occurs at high cathode currents
[50, 51]. One explanation of this phenomenon could be excessive space charge formation
and consequent spreading of the beam. This phenomena causes a problem, since the cur-
rent is measured before neutralization, and when space charge decreases after neutraliza-
tion, the actual beam current density can be larger than expected. Thus, the first suggestion
for possible improvement in the equipment and it's operation would be to install a power
supply to bias the Faraday cup to deflect the electrons in the neutralized current, so that the
ion beam current can be measured after neutralization. This would further allow for a bet-
ter correspondence between the displayed total ion beam current and the measured ion
beam density by the Faraday cup. Thus, the control of beam current density during the
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etch (when the Faraday cup is out of the beam) can be more reliably done by the total
beam current reading.
Many of the ion beam current inconsistency problems are also caused by the differ-
ence of the cathode and neutralizer filament performance in the presence and absence of
bromine. This is particularly true for the neutralizer filament, which is much more exposed
to the bromine flow. Thus, installing a hollow cathode neutralizer, in which the active
components are much farther removed from the bromine, in place of the filament neutral-
izer should further improve ion beam current consistency. Finally, once the Faraday cup
bias supply is installed, the ion beam current density should be measured prior to etch with
the neutralization and bromine present. This current density should be the one to be used
as the etch parameter.
5.4 IPSEL Fabrication
The work done for this thesis produced etched facet lasers and 450 deflectors in InGaP/
GaAs material system. For the final completion of the project, an integrated OEIC system
must be made with single mode parabolic-deflector IPSELs. The first step in this process
is to fabricate parabolic-deflector broad area lasers. For this step the titanium oxide mask
definition process will have to be established. Furthermore, once the suggestions in Sec-
tion 5.3 are implemented, optimum etch parameters will need to be reestablished. More
precise etch rates for InGaP and GaAs can then be obtained. These, together with a heated
motorized titled stage (currently under construction) will be used to etch the facet and the
deflector separately. To make a single mode laser a ridge will also have to be etched. A
proposed structure is shown in Figure 5.1. The ridge will be etched through the whole
laser cavity length, except at the ends. The large section at the end will provide for more
alignment tolerance for the facets and deflectors. The distance between the facet and the
deflector is one of the critical parameters in this structure, and to keep it fixed, a self-
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aligned process will be used, where the same mask will define both the facet and the
deflector. The top contact will be defined inside the stripe, whereas the bottom contact will
be made through the wafer for bulk devices, and through the implant and ohmic metal on a
chip.
Parabolic
Deflector/
7
Waveguide Ridge K
r e tical
Facet
Figure 5.1: Top and side view of a proposed single-mode parabolic-deflector IPSEL.
145
/_
r--
I
~i~
F
u /m
The single-mode parabolic-deflector IPSELs will be integrated with GaAs transistors
and detectors. A chip containing test structures for integration has already been designed,
and submitted for fabrication. A cell from this design is shown in Figure 5.2.
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Figure 5.2: An optoelectronic logic gate cell, including PSEL, driver, photodetectors,
amplifiers, and DCFL logic [89].
This cell [89] includes the IPSEL, which will transmit the output signal. Four input
signals will be detected by MSM detectors, amplified by transimpedance amplifiers, and
processed by DCFL logic. Cells like these will be arrayed to form OEVLSI circuits. In the
future such arrays will be put together with refractive and reflective optical components to
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make highly parallel specialized computation systems, operating at about 1GHz. In order
to be able to use the Vitesse fabricated detectors, the laser quantum well would have to be
changed from InGaAs to GaAs, and the core (well barrier) layer will have to be lattice
matched InGaAsP. This would require additional epitaxial growth effort, but should not
effect the fabrication procedures.
The IPSEL OEVLSI is an intermediate step to high-density OEVLSI. For many appli-
cations, IPSELs will be replaced with vertical-cavity surface-emitting lasers (VCSELs),
which have smaller areas and lower threshold currents, both requirements for high-density
integration. Other optoelectronic circuits will also be integrated using E-o-E technology.
Edge-coupled devices, such as edge coupled lasers, waveguides, modulators, switches,
and detectors, or any combinations of these, are all possible candidates. For some of these
devices, such as waveguide couplers, submicron pattern definition is required. Thus, their
development must be postponed, until better dielectric stack planarization is introduced
into the Vitesse process and full-wafer projection alignment photolithography patterning
is available for the optoelectronic device fabrication.
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Appendix A
Fabrication Procedures
A.1 Dielectric Growth Window Cleaning
A.1.1 Initial Chip Degreasing
Chips are soaked in 1-methyl 2-pyrrolidinone (NMP), heated to 900 C, for 10 minutes.
The NMP soak is continued in an ultrasonic bath in the same solution for 10 more min-
utes, then soaked in acetone in an ultrasonic bath for 10 minutes, then in methanol in an
ultrasonic bath for 10 minutes. The chips are rinsed individually in isopropanol spray, and
blow dried. Next, the chips are soaked in heated trichloroethane (TCA) for 10 minutes.
The soak is continued in the same solvent in an ultrasonic bath for 10 minutes, then in ace-
tone in an ultrasonic bath for 10 minutes, then in methanol in an ultrasonic bath for 10
minutes. Each chip is rinsed individually in isopropanol spray, and blow dried. (The chips
are degreased in batches by keeping them in a Teflon subdivided dipper during the soaks
and transfers. The dipper and beakers are designated specifically for this process. Transfer
from one solvent to the next should be done quickly, so that the samples do not dry during
the transfer. For this reason, cooling of the heated solvents is essential before transfer.)
A.1.2 Bondpad Protection Oxide Deposition
About 0.7mm of silicon oxide is deposited after the degreasing. The usual method of
deposition was sputtering, since it provided good uniformity, oxide density, and sidewall
coverage. During sputtering equipment malfunction, PECVD and pyrolytic silicon oxide
deposition systems were also used.
A.1.3 Photolithography
Chips are briefly dehydrated on a 1200 C hotplate. Hexamethyldisilazane (HMDS) is
liberally deposited on the samples to promote photoresist adhesion and allowed to rest for
10 seconds before spinning. The HMDS is then spun at 3krpm for 40 seconds. Shipley
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1827 photoresist is spun at 3krpm, for 40 seconds. (The type of spin chuck used is impor-
tant to obtain proper resist thickness uniformity and reduce the extent of the edge bead.
The chuck used is flat with a single hole, large enough in diameter that a bubble of resist
can be formed over the chip, starting well outside the chip boundary, but not spilling from
the sides of the chuck.) The edge bead is removed with a razor blade wrapped in a clean-
room wipe. Photoresist is removed from the back of the sample with cleanroom compati-
ble swabs lightly soaked in acetone. Softbaking of the resist is done on a 120 0 C hotplate
for 90 seconds. The photoresist is exposed for 60 seconds on a standard Zeiss contact
aligner, with 6 mW/cm 2 intensity. The photoresist is developed in Shipley MF319 Positive
Photoresist Developer for 120 seconds. Hardbaking of the photoresist is done in a 130 0C
oven for 15 minutes.
A.1.4 Dielectric Stack Dry Etching
Dry etching is done in a MIT Microlab Plasmatherm Series 700 RIE system which is
usually pumped down to 3x10 -5 Torr before etching. The samples are 02 plasma cleaned
for 5 minutes under the following conditions: 02 flow - 50 sccm, pressure - 50 mTorr,
power - 100W, DC bias - 100V. The dielectric stack is dry etched most of the way to the
substrate in the DGWs with CHF3/0 2 plasma under following conditions: CHF 3 flow - 45
sccm, 02 flow - 2.5 sccm, pressure - 50 mTorr, power - 210W, DC bias - 180V. The etch is
5.5-5.75 hours. About 0.1-0.2gm and 0.5gm of dielectric remains in the implanted and
unimplanted regions, respectively. The sample is then oxygen plasma cleaned for 10 min-
utes under the following conditions: 02 flow - 50 sccm, pressure - 50 mTorr, power -
210W, DC bias - 200V. Photoresist is stripped after the dry etch.
A.1.5 Photoresist Stripping
Each chip is rinsed in an acetone stream, soaked in acetone in an ultrasonic bath for 10
minutes, and soaked in NMP, heated to 90 0C, for 10 minutes. The NMP soak is continued
in an ultrasonic bath in the same solution for 10 minutes. NMP is rinsed in an acetone
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ultrasonic bath for 10 minutes, which in turn is rinsed in a methanol ultrasonic bath for 10
minutes. Finally, each chip individually rinsed in an isopropanol spray, and blow dried.
A.1.6 Dielectric Stack Wet Etching.
The bottom portion of the dielectric stack in the DGWs is wet etched in Buffered
Oxide Etch (BOE). Etch time depended on the amount of undercutting, 6-12 minutes.
Etch is repeated until the bottom of the DGWs is crystal color, then one more wet etch is
done. After each etch, the photoresist is stripped and repatterned as described above. A
minimum of two wet etch steps are done.
A.2 Polycrystalline Material Removal
A.2.1 Chlorine ECR IBAE
Silicon oxide, 0.3gm, is deposited on the chip. Shipley 1827 is patterned as described
above to protect the crystalline material. The oxide is etched in the MIT Microlab RIE for
60 minutes, under the following conditions: CF 4 flow - 45 sccm, 02 flow - 5 sccm, pres-
sure - 50 mTorr, power - 210W, DC bias - 185V. The photoresist is removed with acetone,
and then the acetone is rinsed off with methanol. The polycrystalline material is etched in
a chlorine Ion Beam Assisted Etching (IBAE) system for 18 minutes under the following
conditions: Ar flow - 3 sccm, C12 flow - 9 sccm, ion beam current - 40 mA/cm2 , ion beam
voltage - 500V, substrate temperature 195 0C. Shipley 1827 photoresist is patterned as
above to protect the dielectric stack, and to expose the oxide on top of the crystalline mate-
rial. This oxide is wet etched in BOE for 3 minutes. The photoresist is stripped with ace-
tone spray.
A.2.2 Bromine Kaufman Gun IBAE
Chips are briefly dehydrated on a 800C hotplate. Hexamethyldisilazane (HMDS) is
liberally deposited on the samples and allowed to rest for 10 seconds before spinning.
HMDS is spun at 5krpm, for 30 seconds. Shipley 1650 photoresist is then applied and
spun at 5krpm, for 30 seconds. The edge bead is removed with a razor blade wrapped in a
cleanroom wipe. Photoresist is removed from the back of the sample with cleanroom com-
patible swabs lightly soaked in acetone. Softbaking of the resist is done on a 800C hotplate
for 20 minutes. The photoresist is exposed for 60 seconds on a standard Zeiss contact
aligner, with 13mW/cm 2 intensity. The photoresist is developed in 5:1 H20 to Shipley 351
Positive Photoresist Concentrated Developer for 36 seconds. Hardbaking of the photore-
sist is done in a 120 0C oven for 15 minutes.
The polycrystalline material is then etched for 75 minutes in the bromine IBAE under
the following conditions: Ar flow - 3.0 sccm, Br 2 flow - 6.0 mTorr reading, ion beam volt-
age - 600V, ion beam current - 60mA/cm 2, substrate temperature - 70 0C. The photoresist
is stripped in an acetone spray, and the acetone is removed with methanol and isopropanol.
A.3 Bulk Etched Facet Lasers
A.3.1 Degreasing
The samples are rinsed in a trichloroethylene (TCE) stream for 1 minute, rinsed in an
acetone stream for 30 seconds, rinsed in a methanol stream for 30 seconds, rinsed in an
isopropanol stream for 15 seconds, and low dried with pressurized nitrogen.
A.3.2 Etch Mask Deposition and Patterning
A PlasmaLab Microwave Plasma Enhanced Chemical Vapor Deposition (PECVD)
system is used to deposit about 0.6-0.7gtm of silicon oxide, with following the process
parameters: NO 2 flow - 60%, SiH 4/N 2 - 11%, pressure - 200mTorr, microwave power -
200W, substrate temperature - 3500 C, time - 24 minutes.
The sample is briefly dehydrated on a 800C hotplate (unless it is just after PECVD)
Hexamethyldisilazane (HMDS) is liberally deposited on the samples and allowed to rest
for 10 seconds before spinning. HMDS is spun at 5krpm, for 30 seconds. Shipley 1400-17
photoresist is then spun at 5krpm, for 30 seconds. Photoresist (if any is present) is
removed from the back of the sample with cleanroom compatible swabs lightly soaked in
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acetone. Softbaking of the resist is done on a 800C hotplate for 20 minutes. The photore-
sist is then exposed for 7 seconds on a standard Zeiss contact aligner, with 13mW/cm 2
intensity, using "ROYTER3 LASERS ETCH NEG" or "ROYTER3 LASERS 90 MINUS"
masks. Careful alignment of the mask to the crystallographic axis of the sample, indicated
by the cleave, is critical. After exposure, the sample is soaked for 8 minutes in chloroben-
zene. The photoresist is then developed in 3:1 H20 to Shipley 351 Positive Photoresist
Concentrated Developer for 10-12 seconds.
Next, the sample is coated with 60 nm of Ni in a electron-beam evaporator, which is
evacuated to about 3x10 -7 Torr before evaporation. The metal on top of the photoresist is
lifted off with regular and compressed nitrogen forced acetone sprays. Acetone is removed
with methanol and then isopropanol, and then the sample is blown dry with nitrogen.
The silicon oxide with the Ni etch mask is etched in a SemiGroup RIE for 200 minutes
under the following conditions: PDE100 (CF4/O02(17%)) flow - 70%, pressure - 160-170
mTorr, power - 12% (63W), DC bias - 250V. The sample is oxygen cleaned before and
after the etch in the same chamber. The pressure before the start of the etch is 2x10-6 Torr.
Nickel is etched from the sample in sulfuric acid based Transene Nickel Etchant,
heated to 500 C, for 5 minutes. The sample is etched in Transene Buffered HF for 3 sec-
onds before loading in the IBAE.
A.3.3 Facet Etch
The facets are etched with the above etch mask in the bromine Kaufman gun IBAE
system under the following conditions: Ar flow - 3.0 sccm, Br 2 flow - 6.0 mTorr reading,
ion beam voltage - 600V, ion beam current - 60-70mA/cm 2, substrate temperature - 110 0C
for the quaternary active layer lasers and 900 C for the GaAs active layer lasers, time - 50
minutes for the quaternary active layer structures and 40 minutes for the GaAs active layer
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structures. The sample is cleaned with an Ar ion beam with the above parameters for 2
minutes, before the commencement of the etch.
A.3.4 Contact Patterning
The silicone oxide mask is stripped in Transene Buffered HF. Chips are briefly dehy-
drated on a 800C hotplate. Hexamethyldisilazane (HMDS) is liberally deposited on the
samples and allowed to rest for 10 seconds before spinning. HMDS is spun at 5krpm, for
30 seconds. Shipley 1650 photoresist is spun at 5krpm, for 30 seconds. Photoresist is
removed from the back of the sample (if any is present) with cleanroom compatible swabs
lightly soaked in acetone. Softbaking of the resist is done on a 800 C hotplate for 20 min-
utes. The photoresist is exposed for 60 seconds on a standard Zeiss contact aligner, with
13mW/cm 2 intensity, using "ROYTER2 LASERS POSITIVE" mask. Etched alignment
marks on the sample and masks are used for alignment. The sample is soaked in chlo-
robenzene for 20 minutes. The photoresist is developed in 3:1 H20 to Shipley 351 Positive
Photoresist Concentrated Developer for 30 seconds. The sample is then immediately
loaded into the evaporator.
30 nm of Ti, followed by 0.6 pm of Au are evaporated onto the sample in an electron-
beam evaporator. The metal on top of the photoresist is lifted off with regular and com-
pressed nitrogen forced acetone sprays. The acetone is removed with methanol and then
isopropanol, and the sample is blown dry with nitrogen.
A.3.5 Isolation Etch
Chips are briefly dehydrated on a 800 C hotplate. Hexamethyldisilazane (HMDS) is
liberally deposited on the samples and allowed to rest for 10 seconds before spinning.
HMDS is spun at 5krpm, for 30 seconds. Shipley 1650 photoresist is spun at 5krpm, for 30
seconds. Photoresist is removed from the back of the sample (if any is present) with clean-
room compatible swabs lightly soaked in acetone. Softbaking of the resist is done on a
800C hotplate for 20 minutes. The photoresist is exposed for 60 seconds on a standard
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Zeiss contact aligner, with 13mW/cm 2 intensity, using "ROYTER4 ETCHED FACET
LASERS" mask. Gold alignment marks on the sample and masks are used for alignment.
The photoresist is developed in 5:1 H20 to Shipley 351 Positive Photoresist Concentrated
Developer for 36 seconds. The photoresist is hard baked in 1200C oven for 20min.
The sample is then etched for 12 minutes in the bromine IBAE under the following
conditions: Ar flow - 3.0 sccm; Br 2 flow - 6.0 mTorr reading, ion beam voltage - 600V, ion
beam current - 60mA/cm 2, substrate temperature - 60 0C. Photoresist is stripped in acetone
spray, and the acetone is removed with methanol and isopropanol.
A.3.6 Lapping, Polishing, and Backside Contact
A 3" quartz optical flat is heated on a hot plate to about 1000C, and white wax is
melted in the center and four locations close to the perimeter, each 900 from the other. The
sample is placed up side down in the center, and blocking pieces of GaAs are placed pol-
ished side up in the four other melted puddles of wax. The GaAs pieces have to be at least
as thick as the sample. All the pieces are gently moved around to distribute the wax evenly
underneath. The flat is removed from the hot plate, a piece of Nitrile (section of a thick old
glove) is placed on top, and a weight, slightly larger than the sample is placed on top of the
sample, but not on the blocking pieces. The optical flat is allowed to cool, and the excess
wax is rinsed off in a stream of trichloroethylene. The edges of the sample and the block-
ing pieces are gently scraped with a razor blade to remove excess wax, however contact
with the sample is minimized. The optical flat is rinsed with TCE again. (Excess wax on
top of the sample and blocking pieces will cause uneven material removal. Furthermore,
excess wax anywhere will bind grit particles together, making larger size grit, which will
cause scratching of the sample that could cause false cleaves.)
A thin grit paste is deposited on a surface of a large (10") optical flat, ground to have
an intentional roughness of 12gtm. The paste consists of dry grit and a lubricating solution
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of either or both "Basic H" soap solution and lubricant. The optical flat that the sample
and blocking pieces are mounted on is moved on top of the large optical flat, covered with
the grit suspension, in a "figure eight" pattern, rotating the flat with the sample a quarter
turn every few "figure eights". Only very light downward pressure is provided. Depending
on the sample thickness, either 9gtm or 5gm size grit is used at first. For a particular size
grit, lapping should be stopped at least ten times the size of the grit size away from the tar-
get thickness. For this project we used as much as twenty times the grit size buffer. Grit
size is gradually reduced. Usually 9gm, 5gm, and 2gm or 5gm, and 2gm grit size
sequences are used. Usually, 5gm grit is used to lap until about 275gm sample thickness,
and the 2gm grit to 200tm thickness. The optical flats and the vicinity of the lapping area
are well cleaned to remove any of the large grit particles, each time the grit size is
switched to the next smaller one. Lapping is finished with 2gm grit.
The lapped sample, while still mounted on the small optical flat, is next polished down
to the target 150gm thickness in a 1% solution of bromine in methanol. The solution is
prepared just before the polishing. A large sheet of lens paper is held down with a rubber
band against another optical flat. The flat with the sample is moved in the similar motion
to the one used for lapping, while the bromine/methanol solution is poured on top. The
solution is used a few times until the desired sample thickness is obtained.
The thinned sample is removed from the flat by immersing them in heated TCE. The
time of immersion depends on the size of the sample, and is on the order of 20 minutes.
When the sample slides freely (it should not be forced to slide) on the flat, it is removed
from the TCE bath. It is sprayed with TCE, as it is coming out from the bath, so that the
TCE never dries. The TCE is rinsed off with acetone, and the acetone is rinsed away with
methanol and isopropanol.
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For the back-side contact to the n-type GaAs substrate, 30 nm of Ge, 60 nm of Au, 30
nm of Ni, and 200 nm of Au, are deposited, in that order, in an e-beam evaporator on the
already polished back side of the wafer. The sample is annealed in Heatpulse 200 annealer
for 30s at 4500C.
Scribing of the sample is done on Loomis scriber. The scribed sample is cleaved by
placing the sample in between two pieces of thin clinging plastic, and then on top of a flex-
ible piece of sheet metal. A metal rod is placed on top of the back side of the sample paral-
lel to the cleave and rolled in the direction perpendicular to the cleave, causing slight
flexion of the metal, and cleaving along the faults started by the scribes.
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Appendix B
IBAE Standard Operation and Maintenance Procedures
The information in this appendix is intended not for the general reader, but for those who
will continue the work on this project. Much of this information is possessed in parts by
others who have worked and maintained this IBAE system. However, since the author par-
ticipated in most of the etching runs and in many maintenance and repair sessions, infor-
mation here should be useful as a cohesive description of the accumulated knowledge. The
procedures listed here are just guidelines, and though the order of certain procedures is
crucial, others are not. Understanding the principles of operation described in Section 3.?
and in references therein is crucial to successful operation of this equipment. Finally, the
experience gained in the past year of operation of this equipment caused us to rethink the
proper modes of operation. Some of the suggestions for improvements to the procedures
outlined here are listed in Section 5.3.
B.1 Standard Operating Procedure
B.1.1 Sample Mounting
1. Clean the stainless steel part of the sample holder with methanol soaked cleanroom
compatible wipe.
2. Arrange the clips on the sample holder, so that the sample can be positioned in the cen-
ter of the beam.
3. Often, the sample is pretreated with a 3 second buffered HF etch, and a deionized water
rinse before loading.
4. Sample should be clipped firmly to the sample holder. There should be no space visible
between the sample and the holder. If possible, two clips should be used on opposite sides
of the sample.
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B.1.2 Sample Loading
1. Check inside the load lock for any damage to the o-rings.
2. Tilt the loading mechanism and shake slightly over a cleanroom wipe to check for
proper mounting.
3. Insert the rod of the loading mechanism into the load lock until the outside ring of the
loading mechanism is against the protrusion on the load lock. Some force will be needed
to do this, and if difficulty is encountered, the vacuum valve can be opened slightly to
assist the insertion. Opening the valve too much will cause excess pull on the loading
mechanism, which will slam into the loading dock with possibly damaging consequences.
4. Open the valve to the mechanical pump fully.
5. Close the nitrogen bleed valve to the mechanical pump.
6. When the pressure in the load lock is stabilized and is at least below 100 mTorr, turn off
the vacuum valve.
7. Turn on the nitrogen bleed valve.
8. Turn off the ion gauge
9. Open the load lock gate valve all the way.
10. Using the crank, insert the rod of the loading mechanism until the outside ring of the
loading mechanism pulls back due to the rod reaching the end of the load lock.
11. Turn the ion gauge on.
12. Connect the power cord to the heater and the plugs for the thermocouples.
B.1.3 Establishing the Etch Parameters
1. Wait until an acceptable pressure. (If the vacuum system is properly operational, this
pressure should be at most 1x10 -7 Torr.)
2. If the pressure is below 1x10 -7 Torr, readjust the Baratron reading as close to zero as
possible.
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3. Turn on the Variac AC voltage controller and adjust the voltage to start the substrate
heating. The temperature has to be watched while establishing other parameters. When the
temperature is within 30C of the desired value, the voltage should be adjusted to the
expected steady state voltage.
4. Turn off the ion gauge, and turn on the argon valve and the argon flow controller. Estab-
lish 3 sccm argon flow.
5. Turn on the ion gun control panel, and the two switches next to the on switch.
6. Turn on the cooling water valve, the thermocouple indicators, and the multimeter. Set
the multimeter to AMPS and press ZERO CHECK button to turn off this option.
7. Two minutes after the argon flow has been established, briefly turn on the ion gauge to
check the pressure. It should be about 2.3x10 -4 Torr.
8. Bring the DISCHARGE voltage to 60 V
9. Increase the CATHODE current until the DISCHARGE light does not blink. This
should require about 3-5 A of filament current
10. Increase the BEAM VOLTAGE to the desired value, and the ACCELERATOR voltage
to 60V.
11. Increase the CATHODE filament current until the desired beam current density is
established, as measured by the multimeter. (Make sure the shutter is in the zero position.)
Note the beam voltage supply current.
12. Increase the NEUTRALIZER current until the beam current density is approximately
zero, as read on the multimeter. Make sure the current does not go above 7 Amps.
13. Recheck and adjust the voltages. Adjust the CATHODE filament current so that the
beam voltage supply current is again at the value noted before, and then readjust the NEU-
TRALIZER current.
14. At this point all the beam parameters are established, and the sample preclean proce-
dure can be performed. If this is desired, open the shutter by rotating it counterclockwise.
Two minutes is the usual duration of the preclean.
15. During the pre-etch sample cleaning, make sure the bromine leak valve is closed.
Then, open the bromine bottle by turning the stopper 1.5 turns. Open the valve to the
chamber. The leak valve isolates the bromine from the chamber. This step can be per-
formed any time after the argon is turned on to allow the bromine pressure in the tubing to
stabilize.
16. Close the shutter by bringing it to the zero position.
17. When the temperature is finally established, bring the Baratron nozzle in front of the
bromine inlet nozzle. (Observation can be done directly through the window port, or
through the mirror.)
18. Slowly open the leak valve, observing the relative pressure on the Baratron readout.
Bring the pressure to the desired value. For consistency, adjust the position of the nozzle to
maximize the reading.
19. Move the Baratron nozzle away from the bromine nozzle.
20. Bring the NEUTRALIZER current to 7 Amps to compensate for decreased emissivity
in the presence of bromine.
21. Adjust the CATHODE current to bring the beam voltage supply voltage to the previous
value.
B.1.4 Etching
1. Make sure the substrate temperature and ALL the beam parameters are correct.
2. Open the shutter (counter-clockwise) and start timing the etch.
3. Regulate the temperature by making slight adjustments of the Variac voltage throughout
the etch.
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4. Keep the beam voltage supply current constant by adjusting the CATHODE filament
voltage.
5. Every 10-15 minutes check the bromine flow by briefly aligning the Baratron and the
bromine inlet nozzles.
6. Check over the system periodically during the etch.
B.1.5 System Shutdown
1. Close the shutter when the etch is over.
3. Close the bromine bottle.
3. Turn off the Variac supplying the substrate heater.
4. Realign the nozzle, and pump out the bromine tubing by opening the leak valve a little
at a time. To make sure the bromine flow does not go too high, keep the Baratron reading
around 9.0. Keep the ion beam on during this stage.
5. After the leak valve is totally open (100-200 on the dial), allow the reading on the Bara-
tron to decrease below 0.150 before shutting off the ion beam.
6. To shut down the beam, lower the NEUTRALIZER current, BEAM VOLTAGE,
ACCELERATOR voltage, CATHODE current, and DISCHARGE voltage, in that order,
until all of the knobs are rotated fully counter-clockwise. Also shut off the multimeter.
7. Allow the argon to flow for another 5 minutes before shutting it off. First, turn off the
flow, then the flow controller, then the valve. Move the nozzle away.
8. Pump on the bromine tubing until the pressure in the chamber is below 5x10-7 Torr.
Then shut turn off the leak valve, and shut off the gas valve.
9. Turn off the cooling water and the thermocouple.
B.1.6 Unloading
Unloading can be done anytime after the ion beam is turned off. Unloading during
argon flow slightly reduces the backflow of air. Unloading after the system has pumped
down allows for the sample holder to cool and outgas.
1. If the ion gauge is on, turn it off.
2. Using the crank, pull out the sample holder rod.
3. Close the gate valve and turn on the ion gauge.
4. Vent the loadlock with nitrogen.
5. Pull out the loading mechanism, and remove the sample.
6. Turn off the nitrogen and cover the loadlock with a protective cover.
B.2 System Maintenance
Consistency is very important in etching. To retain consistent performance, the etching
system has to be regularly maintained. Maintenance is particularly important due to the
use of corrosive gasses in this system. Proper procedures of maintaining pumps, the vac-
uum chamber, the ion source, and the gas supplies is outlined here. Most of these proce-
dures are common to the operating procedures for other vacuum equipment with corrosive
gasses. So far, no major differences were noticed with the bromine system as compared to
the chlorine system. Perhaps, in the next year, these differences will be more evident. A
very important part of maintenance is the regular observation of system behavior and per-
formance. Such observation will also help in learning more about the system.
B.2.1 System Observation
Due to the experimental nature of the system, it is very important to observe as many
parameters as possible when the system is running or is in the standby state. Observations
should then be compared to previous observations. To assist with this task, the Run Sheet
should be filled out during each run, while comparing the recorded parameters with previ-
ous Run Sheets. The following parameters should be regularly observed.
1. Chamber Pressure. Overnight (close to steady state) chamber pressure should be
observed. Also, pumpdown time to lx10 -7 Torr and to the steady state pressure should be
noted. The chamber pressure should be looked at as often as possible in case a power fail-
ure shuts down the cryogenic pump.
2. Mechanical Pump Pressure. Normally the thermocouple should read 60-100 mTorr due
to the nitrogen bleeder. If it is lower, the nitrogen bleeder valve should be checked. If the
pressure does not go below 10 mTorr when the nitrogen is turned off, the pump should be
checked. Oil change or pump rebuilding might be required.
3. Argon Flow. If the proper flow during the etch cannot be established or if for a certain
flow the ion gauge or the Baratron readings are different than before, the argon supply
should be checked. The Baratron pressure should be checked during the etch as well.
4. Bromine Flow. If significant changes of the leak valve position required for a certain
flow is observed, the presence of bromine in the bottle should be checked. Otherwise, bro-
mine level should only be checked every few months. If bromine is present, the leak valve
might have to be cleaned or replaced. The Baratron pressure should be checked during the
etch as well.
5. Ion Beam Power Supplies. The stability of the BEAM VOLTAGE, DISCHARGE, and
ACCELERATOR voltage supplies should be checked during etching. The currents
through CATHODE and NEUTRALIZER filaments required to obtain certain ion beam
current density and neutralization for it should be compared with previous values. If these
values change significantly from one run to another, these filaments should be changed
soon. If the maximum ion beam current density drops significantly from one run to the
other, first the shutter position should be checked, and if set at zero, then the filaments
should be suspect. During the etch, when the shutter is open, the BEAM CURRENT
should be checked periodically. In case of a sudden change, all the parameters should be
rechecked, and etch terminated. Of course, argon flow change can also be a cause of such
changes. Finally, the ACCELERATOR CURRENT, which is displayed by default on the
right display on the supply panel, should be checked for consistency.
6. Loadlock Pumpdown. The pumpdown pressure of the loadlock should be relatively con-
stant. If increases are observed, then the rod of the loading mechanism and the o-rings in
the loadlock should be checked.
B.2.2 Vacuum System Maintenance
The most common maintenance task on the vacuum system is the cryogenic (cryo)
pump regeneration. Venting the chamber occurs even more often, but will be described
with the ion beam source maintenance procedure. Due to corrosive gas pumping, it is a
good idea to regenerate the cryo pump often. Every time or every other time the filaments
are changed is a reasonable frequency. Simultaneous regeneration and venting can be per-
formed, however it might be best to do them separately, so that sources of leaks can be iso-
lated more easily. The following procedure should be followed during a cryo pump
regeneration:
1. Close the cryo pump gate valve.
2. Shut off the cold head and the compressor.
3. Close off the valve between the mechanical pump and the common access port.
4. Open the nitrogen flow valve to the common access port.
5. Open the valve between the common access port and the cryo pump (the one BELOW
the gate valve).
6. Wrap a heating strap around the cryo pump, and insert a thermocouple between it and
the pump. Heat the pump somewhere between 70-900 C overnight with the nitrogen flow-
ing through.
7. Turn off the heat and let the pump cool a couple of hours.
8. Open the pump exhaust port, and unscrew the pop-out exhaust valve.
9. Clean the o-ring on the exhaust valve well with methanol.
10. Turn off the nitrogen to the common access port. Replace the exhaust valve. Improper
execution of this step is the most likely cause of improper pump operation. Reattach the
exhaust port.
11. Open the valve to the mechanical pump to start pumping on the cryo pump. Make sure
the nitrogen bleeder valve is closed.
12. Turn on the heat to the cryo and allow the mechanical pump to pump for several hours.
13. The thermocouple vacuum gauge should be zero, when the heat to the pump is turn
off. Allow to cool for a couple of hours.
14. Close the valve to the mechanical pump, and observe the TC gauge for a rise in pres-
sure. If a rise in pressure is observed, there could be a problem with the seating of the
exhaust valve, and the procedure from Step 8 might have to be repeated after the pump is
revented with nitrogen.
15. Close the valve between the cryo and the common access port. Open the valve
between the mechanical pump and the common access port, and turn on the nitrogen
bleeder valve.
16. Turn on the cold head. 30 seconds later turn on the compressor. Allow the pump to
cool for a couple of hours. If frost on the outside is observed, there is a leak, and the whole
procedure has to be repeated.
17. Make sure the main chamber is pumped out. To check this, close the bleeder valve,
close the mechanical pump valve, and open the valve between the chamber and the com-
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mon access port. If the pressure is below zero then no pumping is necessary. If not, then
open the mechanical pump valve, and pump for a while. Then close the chamber valve,
and open the bleeder valve.
18. Open the cryo pump gate valve. After some pumping, the ion pressure gauge can be
turned on. The pressure should drop to the steady state overnight if the cryo was properly
regenerated.
B.2.3 Changing the Filaments
Both the cathode and the neutralizer filaments degrade due to ion sputtering and reac-
tion with corrosive species. This degradation can be seen as a change in the filament cur-
rent needed to obtain the same beam current. We also observed the unneutralized
maximum beam current density to decrease over time. Eventually, the filament becomes
thin and breaks. The system manual suggested a change of filament of every 20 usage
hours. Even when corrosive bromine was used, up to 24 hour filament change period has
been used. Only one filament (neutralizer) failure has been observed for this filament
change schedule. However, performing important etches with more than a 20 hour old fil-
ament is not recommended. It is very difficult to change the filaments alone, so two people
should be present. The following procedure should be used to change the filaments:
1. Wrap a heating strip around the main chamber, insert a thermocouple in between, and
heat the chamber at about 90 0C overnight.
2. Allow the chamber to cool.
3. Close the cryogenic pump gate valve.
4. Close the mechanical pump valve to the common access port.
5. Open the chamber valve to the common access port.
6. Open the nitrogen valve to the common access port. The pressure on the TC gauge
should start to go up.
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7. Loosen the screws on the cathode filament port.
8. Unscrew the argon line connection.
9. Unscrew, and take out the bolts for the bolts of the ion gun port. Leave two loose bolts
in to hold the gun.
10. When the chamber pressure is at atmosphere, take out the argon gun plastic tubing.
Then pull out the whole ion gun assembly.
11. Remove the copper gasket.
12. At this point, cleanroom compatible gloves should be used to protect the gun. Unscrew
the two nuts that are holding the straight neutralizer filament, and remove the filament
itself.
13. Replace the filament. It should be straight, but not too taut.
14. Place the gun assembly back onto the port keeping the correct gun orientation. Use a
new copper gasket. Make sure the gasket is seated properly! The bolts should all be
inserted, and they should be tightened just to make sure everything is held in place.
15. Fully unscrew the cathode filament assembly and take it out.
16. Unscrew the nuts holding the cathode filament and take it out.
17. Replace it with a new piece of piece of tungsten filament, so that it forms a U shaped
bend about 1 inch long. Use the previous filament as a guide. If the filament is too long or
wide, it will short to the anode or the body.
18. Replace the cathode filament assembly and lightly tighten the screws.
19. At this electrical check should be performed. Remove all the electrical connections to
the gun, and check for a connectivity on the cathode and neutralizer current connections,
and check that the cathode is not shorted to the anode, body, or ground. Then reattach the
connectors.
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20. Close the nitrogen valve.
21. Place the argon line back on, and tighten it well.
22. Open the mechanical pump valve, and start pumping on the system. Make sure the
bleeder valve is closed.
23. Tighten well the gun assembly port bolts, and the cathode filament assembly screws.
24. After a couple of hours, the TC gauge should read zero. If not, there is a large leak.
Also, if when the mechanical valve shut, the pressure rises rapidly, there is a large leak.
Tighten the ports with more force, or revent the system.
25. At this point a second electrical test can be performed by turning on the gun and seeing
if the discharge voltage can be raised to 15 V and if the body voltage can be raised to 75 V.
Small currents can also be applied to the two filaments to check that there is no open cir-
cuit.
26. Shut off the valve between the chamber and the common access port. Keep the
mechanical pump valve open, and open the bleeder valve.
27. If the cryo pump was regenerated simultaneously, then it had to be on for at least an
hour. Meanwhile the chamber should be pumped with the mechanical pump.
28. Open the cryo pump gate valve. The pressure should be back to steady state overnight.
29. If the pressure is not back to normal, the UTI mass spectrometer can be used to leak
check the system with helium. If the cryo pump was regenerated, then either the ports or
the cryo exhaust valve can be at fault.
30. When the system is at a normal pressure, gun operation should be checked. The gun
should be run for half an hour before important etching is conducted.
170
References
[1] Ed. M. Dagenais, R. F. Leheny, J. Crow, Integrated Optoelectronics, Academic Press,
1995.
[2] O. Wada, "Advances in Optoelectronic Integration", International Journal of High
Speed Electronics, vol. 1, no. 1, p. 47, 1990.
[3] T. Horimatsu and M. Sasaki, "OEIC Technology and its Applications to Subscriber
Loops", IEEE J. Lightwave Tech., vol. 7, no. 11, p. 1612, 1989.
[4] S.D. Mukherjee, "OEICs for Optical Interconnects", Optoelectronic Integration -
Physics, Technology and Applications, ed. O. Wada, Kluwer Academic, 1994.
[5] G.T. Valliath and K.W. Jelley, "Low Skew Chip-to-Chip Optical Interconnects for
High Speed Digital Applications", J. Microelectronic System Integration, vol. 1, no.
1, p. 79, 1993.
[6] J.W. Goodman, "Optics as an Interconnect Technology", Optical Processing and
Computing, ed. H.H. Arsenault, T. Szoplik and B. Bacukow, Academic Press, 1989.
[7] 0. Wada, A. Furuya and M. Makiuchi, "Planar, Compatible OEICs Based on Multi-
quantum Well Structures", IEEE Photon. Tech. Lett., vol. 1, n. 1, p. 16, 1989.
[8] M. Yust, N. Bar-Chaim, S.H. Izadpanah, S. Margalit, I. Ury, D. Wilt and A. Yariv, "A
Monolithically Integrated Optical Repeater", Appl. Phys. Lett., vol. 35, no. 10, p. 795,
1979.
[9] S.D. Mukherjee, J.D. Skogen, M.K. Hibbs-Brenner, C.T. Sullivan, E.L. Kalweit and
R.A. Walterson, "Monolithic Integration of Single-Mode AlGaAs Optical
Waveguides at 830 nm with GaAs E/D-MESFETs Using Planar Multifunctional Epi-
structure (PME) Approach", IEE Electron. Lett. 27, n. 24, p. 2281, 1991.
[10] L.A. D'Asaro, L.M.F. Chirovsky, E.J. Laskowski, S.S. Pei, T.K. Woodward, A.L.
Lentine, R.E. Leigenguth, M.W. Focht, J.M.Freund, G.G. Guth and L.E. Smith,
"Batch Fabrication and Operation of GaAs-AlxGal_xAs Field-Effect Transistor-Self-
Electrooptic Effect Device (FET-SEED) Smart Pixel Arrays", IEEE J. Quantum Elec-
tron., vol. 29, no. 2, p. 670, 1993.
[11] Y. Akahori, M. Ikeda, A. Kohzen and Y. Akatsu, "11GHz Ultrawide-Bandwidth
Monolithic Photoreceiver Using InGaAs pin PD and InA1As/InGaAs HEMTs", IEE
Electronics Lett., vol. 30, no. 3, p. 267, 1994.
[12] K.V. Shenoy, C.G. Fonstad, Jr., B. Elman, F.D. Crawford and J.M. Mikkelson,
"Laser Diodes and Refractory-Metal Gate VLSI GaAs MESFETs for Smart Pixels",
IEEE/LEOS Annual Meeting Digest, Boston, MA, Nov. 16-19, 1992.
[13] J.F. Ahadian, S,G. Patterson, P.T. Vaidyanathan, Y. Royter, D.E. Mull, G.S Petrich,
W.D. Goodhue, S. Prasad, L.A. Kolodziejski and C.G. Fonstad, "Monolithic OEICs
Using GaAs VLSI Technology", Conference on Light-Emitting Diodes: Research,
Manufacturing, and Applications, San Jose, CA, USA; 13-14 Feb. 1997, Proceedings
of the SPIE - The International Society for Optical Engineering, vol. 3002, p. 180.
[14] H. Wang, J. Luo, K.V. Shenoy, Y. Royter, C.G. Fonstad, Jr. and D. Psaltis, "Mono-
lithic Integration of SEED's and GaAs VLSI Electronics by Epitaxy on Electronics",
IEEE Photon. Technol. Lett., vol. 9, no. 5, p. 607, 1997.
[15] K.V. Shenoy, C.G. Fonstad, Jr., A.C. Grot, D. Psaltis, "Monolithic Optoelectronic
Circuit Design and Fabrication by Epitaxial Growth on Commercial VLSI GaAs
MESFETs", IEEE Photon. Technol. Lett., vol. 7, no. 5, p. 508, 1995.
[16] Ed. G.A. Evans and J.M. Hammer, Surface Emitting Semiconductor Lasers and
Arrays, Academic Press, 1993.
[17] E.K. Braun, K.V. Shenoy and C.G. Fonstad, Jr., "Elevated Temperature Stability of
GaAs Digital Integrated Circuits", IEEE Electron Device Lett., vol. 17, no. 2, p. 37,
1996.
[18] K.V. Shenoy, C.G. Fonstad, Jr. and J.M. Mikkelson, "High Temperature Stability of
Refractory-Metal VLSI GaAs MESFETs", IEEE Electron Device Lett., vol. 15, no. 3,
p. 106, 1994.
[19] W.T. Tsang, "The influence of Bulk Nonradiative Recombination in the Side Band-
Gap Regions of Molecular Beam Epitaxially Grown GaAs-AlxGal_xAs DH Lasers",
Appl. Phys. Lett., vol. 33, no. 3, p. 245, 1978.
[20] G. Burri, T. Achtnich and M. Ilegems, "Study of Oxygen Incorporation in A1GaAs
Layers Grown by Molecular-Beam Epitaxy", J. Vac. Sci. Technol., vol. 7A, no. 4, p.
2537, 1989.
[21] K. Xie, C.R. Wie, J.A. Varriano and G.W. Wicks, "Interface Traps and Interface
Recombination in AlGaAs/GaAs Quantum Well Laser Diodes", Appl. Phys. Lett.,
vol. 60, no. 4, p. 428, 1992.
[22] S. Miyazawa, Y. Sekiguchi, M. Okuda, M. Hasegawa and H. Nojiri, "Continuous
Wave Operation of Extremely Low-Temperature (3750 C) -Grown A1GaAs Quantum-
Well Lasers", Appl. Phys. Lett., vol. 62, no. 6, p. 624, 1993.
[23] S. Xin, K.F. Longenbach, C. Schwartz, Y. Jiang and W.I. Wang, "Low Temperature
Growth of GaAs Quantum Well Lasers by Modulated Beam Epitaxy", MRS Sympo-
172
sium Proceedings, vol. 228, p. 203, 1992.
[24] M. Asai, E Sato, H. Imamoto, K. Imanaka and M. Shimura, "Low-Temperature
(350 0 C) Growth of AlGaAs/GaAs Laser Diodes by Migration Enhanced Epitaxy", J.
Appl. Phys., vol. 64, no. 1, p. 432, 1988.
[25] C.A. Wang, S.H. Groves, "New materials for diode laser pumping of solid-state
lasers", IEEE Journal of Quantum Electronics, vol. 28, no. 4, p. 942, 1992.
[26] Z.L. Liau, S.C. Palmateer, S.H. Groves, J.N. Walpole, L.J. Missaggia, "Low-
Threshold InGaAs Strained-Layer Quantum-Well Lasers (X=0.98 jm) with GaInP
Cladding Layers and Mass-Transported Buried Heterostructure", Applied Physics
Letters, vol.60, no.1, p. 6, 1992.
[27] S.H. Groves, "InGaAs/GaInAsP/GaInP Strained-layer Quantum Well Separate
Confinement Heterostructures Grown by OMVPE", Journal of Crystal Growth, vol.
124, no. 1-4, p. 747, 1992.
[28] M. Yamada and Y. Ide, "Direct Observation of Species Liberated From GaAs
Native Oxides During Atomic Hydrogen Cleaning", Japanese J. of Appl. Phys. - Part
2, vol. 33, no. 5A, p. L671, 1994.
[29] J.P. Donnelly, K.K. Anderson, J.D. Woodhouse, W.D. Goodhue, D. Yap, M.C. Gai-
dis, C.A. Wang, "Some Applications of Ion Beams in III-V Compound Semiconduc-
tor Device Fabrication", Advances in Materials, Processing and Devices in III-V
Compound Semiconductors Symposium, p. 421-3, Materials Research Society, 1989.
[30] N. Hamao, M. Sugimoto, N. Takado, Y. Tashiro, H. Iwata, T. Yussa and K.
Asakawa, "Surface-Emitting GaAs/AlGaAs Lasers with Dry Etched 450 Total
Reflecting Mirrors", Appl. Phys. Lett., vol. 54, no. 24, p. 2389, 1989.
[31] T. Takamori, L.A. Coldren and J.L. Merz, "Lasing Characteristics of a Continuous-
Wave Operated Folded-Cavity Surface-Emitting Laser", Appl. Phys. Lett., vol. 56,
no. 23, p. 2267, 1990.
[32] W.D. Goodhue, K. Rauschenbach, C.A. Wang, J.P. Donnelly, R.J. Bailey, G.D.
Johnson, "Monolithic Two-Dimensional GaAs/AlGaAs Laser Arrays Fabricated by
Chlorine Ion-Beam Assisted Micromachining", J. Electron. Mater., vol. 19, no. 5, p.
463, 1990.
[33] J.H. Kim and A. Larsson, "Pseudomorphic InyGalyAs/GaAs/AlxGal_-xAs Single
Quantum-Well Surface-Emitting Lasers with Integrated 450 Beam Deflectors", Appl.
Phys. Lett., vol. 58, no. 1, p. 7, 1991.
[34] J.P. Donnelly, W.D. Goodhue, C.A. Wang, R.J. Bailey, G.A. Lincoln, G.D Johnson,
L.J. Missaggia, J.N. Walpole, "CW Operation of Monolithic Arrays of Surface-Emit-
ting AlGaAs Diode Lasers with Dry-Etched Vertical Facets and Parabolic Deflecting
Mirrors", IEEE Photonics Technology Letters, vol. 5, no. 10, p. 1146, 1993.
[35] R. Williams, Modern GaAs Processing Methods, "Chapter 5: Wet Etching", p. 95,
Artech House, 1990.
[36] Ed. D.M. Manos and D.L. Flamm, Plasma Etching, An Introduction, Academic
Press, 1989.
[37] R.E. Sah, J.D. Ralston, S. Weisser and K. Eisele, "Characteristics of a Two-Compo-
nent Chemically-Assisted Ion-Beam Etching Technique for Dry-Etching of High-
Speed Multiple Quantum Well Laser Mirrors", Appl. Phys. Lett., vol. 67, no. 7, p.
927, 1995.
[38] C. Constantine, R.J. Shul, C.T. Sullivan, M.B. Snipes, G.B. McClellan, M. Hafich,
C.T. Fuller, J.R. Mileham and S.J. Pearton, "Etching of GaAs/AlGaAs Rib
Waveguide Structures Using BC13/Cl2/N 2/Ar Electron Cyclotron Resonance", J. Vac.
Sci. Technol. B, vol. 13, no. 5, p. 2025, 1995.
[39] S.K. Murad, C.D.W. Wilkinson and S.P. Beaumont, "Selective and Nonselective
RIE of GaAs and AlxGal_xAs in SiC14 Plasma", Microelectronic Engineering, vol.
23, p. 357, 1994.
[40] G. Meneghini, L. Boschis, C. Coriasso, A. Stano, M. Gentili, L. Grella and M.
Figliomeni, "CH4/H2 RIE of InGaAs/InP Materials: an Application to DFB Laser
Fabrication", Microelectronic Engineering, vol. 21, p. 321, 1993.
[41] R.J. Shul, R.P. Schneider, Jr. and C. Constantine, "Anisotropic Electron Cyclotron
Resonance Etching of GaInP/AlGaInP Heterostructures", Electron. Lett., vol. 30, no.
10, p. 817, 1994.
[42] C. Constantine, D. Johnson, S.J. Pearton, U.K. Chakrabarti, A.B. Emerson, W.S.
Hobson and A.P. Kinsella, "Plasma Etching of III-V Semiconductors in CH4/H2/Ar
Electron Cyclotron Resonance Discharges", J. Vac. Sci. Technol. B, vol. 8, no. 4,
1990.
[43] E Ren, J.R. Lothian, S.J. Pearton, C.R. Abernathy, P.W. Wisk, T.R. Fullowan, B.
Tseng, S.N.G. Chu, Y.K. Chen, L.W. Yang, S.T. Fu, R.S. Brozovich, H.H. Lin, C.L.
Henning and T. Henry, "Fabrication of Self-Aligned GaAs/AlGaAs and GaAs/InGaP
Microwave Power Heterojunction Bipolar Transistors", J. Vac. Sci. Technol. B, vol.
12, no. 5, p. 2916, 1994.
[44] C. Youtsey, R. Grundbacher, R. Panepucci, I. Adesida and C. Caneau, "Character-
ization of Chemically Assisted Ion Beam Etching of InP", J. Vac. Sci. Technol. B, vol.
174
12, no. 6, p. 3317, 1994.
[45] J.W. Lee, J. Hong, C.R. Abernathy, E.S. Lambers, S.J. Pearton, W.S. Hobson and F.
Ren, "C12/Ar Plasma Etching of Binary, Ternary, and Quaternary In-Based Com-
pound Semiconductors", J. Vac. Sci. Technol. B, vol. 14, no. 4, p. 2567, 1996.
[46] S.J. Pearton, F. Ren and C.R. Abernathy, "Temperature-Dependent Dry Etching
Characteristics of III-V Semiconductors in HBr- and HI-Based Discharges", Plasma
Chemistry and Plasma Processing, vol. 14, no. 2, p. 131, 1994.
[47] D.R. Stull, "Section 4k.: Vapor Pressure", American Institute of Physics Handbook,
3rd. edition, ed. D.E. Gray, p. 4-261, McGraw-Hill Book Co., 1989.
[48] Ed. K. Schafer and E. Lax, Eigenschaften der Materie in Ihren Aggregatzustanden,
section 2211, Springer-Verlag, 1960.
[49] C. Robert, "Dampfdruckmessungen an Indiumhalogeniden", Helvetica Physica
Acta, vol. 9, p. 405, 1936.
[50] H.R. Kaufman, J.J. Cuomo and J.M.E. Harper, "Technology and Applications of
Broad-Beam Ion Sources Used in Sputtering. Part I. Ion Source Technology", J. Vac.
Sci. Technol., vol. 21, no. 3, p. 725, 1982.
[51] M.W. Geis, G.A. Lincoln, N. Efremow and W.J. Piacentini, "A Novel Anisotropic
Dry Etching Technique", J. Vac. Sci. Technol., vol. 19, no. 4, p. 1390, 1981.
[52] Ed. K.K. Wong, M. Razehi, Integrated Optics and Optoelectronics, SPIE - The
International Society for Optical Engineering, 1993.
[53] P. Bhattacharya, Semiconductor Optoelectronic Devices, Prentice-Hall, 1995.
[54] Y. Akahori, et. al., Electronics Letters, vol. 30, no. 3, p. 267, 1994.
[55] R.L. Thornton, et. al., Appl. Phys. Lett., vol. 53, p. 2669, 1988.
[56] R.W. Ade, et. al., Electronics Letters, vol. 28, p. 702, 1992.
[57] D. Psaltis and N. Farhat, Optics Letters, vol. 10, p. 98, 1985.
[58] L.A. D'Asaro, et. al., IEEE Electron Device Letters, vol. 13, p. 528, 1992.
[59] E.A. Fitzgerald, et. al., Journal of Applied Physics, vol. 63, no. 3, p. 693, 1988.
[60] R.N. Sacks, et. al., J. of Vacuum Science and Technology B, vol. 11, no. 3, p. 938,
1993.
175
[61] T. Kagawa and Y. Matsuoka, Appl. Phys. Lett., vol. 69, no. 20, p. 3057, 1996.
[62] C. Camperiginestet, et. al., IEEE Photonics Technology Letters, vol. 4, p. 1003,
1992.
[63] R. Hahn, et. al., IEEE Trans. Compon. Packag. Manuf. Technol. A, Part A, vol.20,
no.4, p. 432, 1997.
[64] K.P. Jackson, et. al., IEEE J. of Lightwave Technology, vol. 12, p. 1185, 1994.
[65] S.D. Mukherjee, et. al., Electronics Letters, vol. 27, p. 2281, 1991.
[66] S.D. Mukherjee, et. al., Technical Digest of IEEE/LEOS Summer Topical Meeting
on Integrated Optoelectronics, p. 27, 1992.
[67] J. Mikkelson, Vitesse Semiconductor Corp., Private Communications.
[68] Vitesse Semiconductor Corporation, Foundry Design Guide, Version 6.0, Vitesse
Semiconductor Corp., 1993.
[69] J.F. Ahadian, et. al., accepted to be presented at the Conference on Lasers and Elec-
tro-Optics / International Quantum Electronics Conference, San Francisco, Califor-
nia, May 3-8, 1998.
[70] Measurement performed by J.F. Ahadian.
[71] W.J. Grande, et. al., Appl. Phys. Lett., vol. 57, no. 24, p. 2537, 1990.
[72] Y. Chung, et. al., IEEE Photonics Technology Letters, vol. 4, no. 9, p. 1009, 1992
[73] L.H. Spiekman, et. al., IEE Proc. - Optoelectron., vol. 142, no. 1, p. 61, 1995.
[74] A. Behfar-Rad, et. al., Appl. Phys. Lett., vol. 60, no. 14, p. 1658, 1992.
[75] F. Shimokawa, et. al., Appl. Phys. Lett., vol. 56, no. 17, p. 1617, 1990.
[76] 0. Wada, et. al., IEEE J. of Quantum Electronics, vol. 20, no. 2, p. 126, 1984.
[77] A.J. SpringThorpe, Appl. Phys. Lett, vol. 31, p. 524, 1977.
[78] M. Wada, et. al., IEEE J. of Quantum Electronics, vol. 21, no. 6, p. 658, 1985.
[79] J.R. Lothian, et. al., J. Electron. Mater., vol. 21, p. 441, 1992.
[80] H. Takenaka, et. al., J. Vac. Sci. Technol. B, vol. 12, no. 6, p. 3107, 1994.
176
[81] K.K. Ko and S.W. Pang, J. Electrochem. Soc., vol. 142, no. 11, p. 3945, 1995.
[82] J. Hong, et. al., J. Electron. Mater., vol. 26, no. 11, p. 1303, 1997.
[83] Y. Kuo and A.G. Schrott, Proceedings of the Fifth International Symposium on Ultra
Large scale Integration Science and Technology, p. 246, 1995.
[84] G.P. Agrawal and N.K. Dutta, Long-Wavelength Semiconductor Lasers, Van Nos-
trand Reinhold Company, 1986.
[85] S.S. Ou, et. al., Appl. Phys. Lett., vol. 59, p. 2085, 1991.
[86] G. Nakagawa, et. al., IEEE Photonics Technology Letters, vol. 5, no. 9, p. 1056,
1993.
[87] Grown by S.G. Patterson and G.S. Petrich.
[88] Measured by J.P. Donnelley and D.E. Mull.
[89] Layout and amplifier design was performed by J.F. Ahadian.
177
